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Spring-fed arid wetlands support high biological productivity and are hotspots for 
endemism and distribution of rare plants, making them areas of high conservation value. These 
systems are driven by complex interactions among groundwater discharge and the geomorphic 
and climatic features of the setting, which provide gradients of edaphic conditions, particularly 
soil moisture and salinity that influence the presence and abundance of rare plant communities. 
However, spring-fed arid wetlands are at particular risk of increases in salinity and drier 
hydrological regimes due to anthropogenic activities. Such alterations to abiotic conditions may 
jeopardize the distribution and abundance of rare plants by exceeding their tolerances during 
their life cycle. In this study, I evaluate how wetland management practices and associated 
abiotic factors affect three poorly known rare plants of spring-fed arid wetlands in Bitter Lake 
National Wildlife Refuge, New Mexico: the annual Pecos sunflower (Helianthus paradoxus, 
federally Threatened), the biennial Wright’s marsh thistle (Cirsium wrightii, proposed for listing 
as Threatened), and the annual Leoncita false-foxglove (Agalinis calycina, federal Species of 
Concern). In the lab, I used incubators to determine seed germination requirements and 
responses to field-derived salinities for the three species. Then, in the field, I established a series 
of monitoring plots equipped with groundwater wells to evaluate the hydrologic and soil factors 
influencing plant presence and abundance, with a particular focus on soil moisture and salinity. 
Pecos sunflower and Wright’s marsh thistle showed high seed germination percentages at all 
salinity treatments, while Leoncita false-foxglove exhibited negative responses to increasing 
salinities. In the field, Pecos sunflower was the most abundant and widespread of the three and 
was positively associated to moist-soil management. Wright’s marsh thistle and Leoncita false-
foxglove occurred on permanently saturated soils associated to shallow groundwater. Reduced 
salinities during the spring were important for the three species. My results provide new plant 
life history information and insight on the abiotic processes needed to support their abundance. 
This information will guide management strategies to enhance their abundance and prevalence in 





CHAPTER 1. INTRODUCTION 
1.1. Background 
In arid and semi-arid regions, wetlands are rare and isolated ecosystems, yet important 
for biological productivity (Minckley et al. 2012). Frequently, these wetlands are mainly driven 
by groundwater, through permanently high water tables and/or spring flows, supporting the 
presence of saturated conditions in the soil surface, surface water, and/or flows (Hayashi and 
Rosenberry 2002, Jolly et al. 2008). Groundwater-dependent systems, such as spring-fed 
wetlands, interact with the geomorphological (e.g., watershed shape, size, soils, and topography) 
and climatic features of the setting to define the hydrological regime, or hydroperiod, and it is the 
most significant determinant of their structure, functioning and ecology (Brinson 1993, Euliss et 
al. 2004). Furthermore, these relationships within groundwater-dependent ecosystems create 
gradients of abiotic conditions that support a wide and unique diversity of biota, including rare 
species restricted to specific settings, making them areas of high conservation value (Cavieres et 
al. 2002, Minckely et al 2012). However, globally, anthropogenic activities have altered the 
natural functioning of groundwater-dependent ecosystems, primarily through the modification of 
the hydrological regime (e.g., wetland management, reduced groundwater and surface water 
inputs), which in turn threatens the species that rely on these systems, particularly rare and 
endemic species (Hollis 1990, Mudd 2000). 
Water is an essential, yet limited, resource in these regions and high competition for this 
resource occurs among humans, wetland ecosystems, and the associated life that depend upon 
wetlands. It is estimated that one third of the world’s population resides within arid and semi-arid 
regions (Gilbert 2011). Thus, human activities play a significant role in the presence, state, and 
functioning of wetlands, mainly through the alteration (or stabilization) of the natural hydrology 
in these landscapes (Abbott et al. 2019, Ritcher et al. 2017). Water resources are vital to support 
societal needs, including urban, industrial, and agricultural development to meet the demand of 
an ever-growing human population. Agriculture in particular accounts for over 90% of water use 
in these regions (Ritcher at al. 2017). These anthropogenic activities translate to environmental 
stressors that jeopardize wetland ecosystem functions through landscape modifications (e.g. 
water diversion) and the exploitation of groundwater (i.e. hydrologic alteration), resulting in the 
degradation, and often the devastation, of wetlands (Hollis 1990, Keddy, 1983). Groundwater-
dependent systems are particularly vulnerable to anthropogenic activities, such as groundwater 
depletion, changes in land use, and climate change, as these activities significantly affect spring 
flows, the water table depth, and subsequently the groundwater-surface water interactions 
(Eamus and Froend 2006, Jolly et al. 2008). In fact, most large civilizations in arid/semi-arid 
regions are based over areas where groundwater is relatively shallow and easily accessible to 
support human development (Karges 2012). Lastly, encompassing these stressors is global 
climate change, which is the greatest threat to these systems by triggering even greater climatic 
variability, such as shifts in precipitation patterns, and maximizing stress by the factors 
previously mentioned (see Barga et al. 2017, Chambers et al. 2013, MacDonald 2010, Jia and 
Luo 2009). 
It is therefore necessary to protect, restore, and manage wetlands to assure their 
prevalence and to maintain their ecological functions and values. Many authors have argued the 
viable opportunity to adapt and apply water management practices and policies to meet a balance 
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between ecosystem functioning and human needs, especially in agriculture (e.g. irrigation 
efficiency and water saving), within arid/semi-arid settings (MacDonald 2010, Downward and 
Endter-Wada 2013, Ritcher et al. 2017, King et al. 2021). Without appropriate conservation 
efforts, many wetlands and the species that rely on these may vanish, especially endemic and 
rare species that are restricted to specific and fragile settings.  
In the United States, key steps towards the conservation of wetlands were taken in the 
early 1900s, which led to the establishment of policies and federal laws, such as the creation of 
the National Wildlife Refuge System in 1903 and the establishment of the Migratory Bird Treaty 
Act of 1918 (Curtin 1993, Fischman 2002). These policy decisions facilitated the purchase of 
lands, the acquisition of water rights, and the establishment of wildlife refuges to provide legal 
protection for areas of significant biological importance (Fischman 2002), particularly wetlands 
as habitats for migratory birds. This was a major point in the conservation of wetlands within 
arid/semi-arid regions. Nevertheless, active management and restoration efforts are necessary to 
guarantee the long-term conservation of wetland ecosystems and wildlife populations, especially 
with increasing environmental stressors and within highly modified landscapes.  
In southeastern New Mexico, Bitter Lake National Wildlife Refuge (hereafter Bitter Lake 
NWR) was established in 1937 to provide breeding and wintering habitats for migratory birds, 
particularly for waterfowl and Sandhill Cranes (Grus canadensis), as well as to provide 
opportunities for hunting and fishing (USFWS 1998). The refuge is perched over an area of 
natural groundwater discharge that originates from the Roswell Artesian Basin. Numerous 
sinkholes, seeps, springs and associated wetlands are distributed across the refuge (Land and 
Huff 2010). The hydrogeology of this region in combination with the overlying mixed 
characteristics of the Chihuahuan Desert and the Southern Great Plains, shape a unique system of 
desert uplands and wetland habitats that sustain one of the most unique and biodiverse places in 
Southwestern United States. However, this same aquifer has been a key driver of regional 
anthropogenic development, supporting water resources for the city of Roswell, other urban 
areas, industry, but mainly agriculture (Barroll and Shomaker 2003). Thus, the refuge serves a 
crucial role in the protection of wetland habitats within the region and the desert southwest.  
The aquatic systems of Bitter Lake NWR host species of fish and invertebrates that are 
endemic to the Pecos River basin; some are only known to occur within the refuge’s boundary 
(Tashjian 2003, USFWS 1998). Furthermore, it hosts plant species that are rare and restricted to 
the unique conditions of spring-fed arid marshes (Sivinski 2018), including the Pecos sunflower 
(Helianthus paradoxus), Leoncita false-foxglove (Agalinis calycina), and the Wright’s marsh 
thistle (Cirsium wrightii). The populations of these plants are thought to have increased 
following the change in wetland management techniques to moist-soil management the mid-
1990s (Peterson and David 2001, USFWS 1998). Moist-soil management is the manipulation of 
water regimes to increase the production of targeted wetland plants and invertebrates in man-
made impoundments, primarily used to provide food resources to meet the energetic demands of 
migratory birds (Fredrickson and Taylor 1982). This technique has allowed managers at Bitter 
Lake NWR to provide suitable conditions for desired vegetation and increase productivity for 
waterfowl foods. Moreover, this management technique may promote the abiotic conditions 
(e.g., soil moisture and salinity) through modifications in the hydrologic regime (e.g., timing of 
flooding) to benefit the three rare plant species. However, the life-histories of these species are 
poorly known, and a general understanding of their life traits is needed, such as their germination 
requirements and the key factors driving their presence and abundance, especially their tolerance 
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to varying soil moisture and salinity conditions. The three rare plant are only known to occur 
within spring-fed saline marshes of west Texas, New Mexico, and southeastern Arizona, yet the 
three species are only known to co-occur next to each other in wetlands of Bitter Lake NWR. 
Knowledge of the processes that drive the spatial and temporal variability of abiotic conditions 
would further support an understanding of their establishment, distribution, and abundance to 
facilitate wetland management strategies to benefit these species.  
1.2. Research Objectives 
In this study, I aim to contribute to an understanding of abiotic conditions needed to 
support the presence and abundance of Pecos sunflower, Wright’s marsh thistle, and Leoncita 
false-foxglove. To achieve this, I studied key life history traits of the three species, evaluated 
their responses to abiotic factors, focusing on soil moisture and salinity, and analyzed the abiotic 
processes as they relate to wetland management practices and groundwater hydrology that drive 
these abiotic conditions within spring-fed arid marshes of Bitter Lake NWR. In the following 
section, I describe the study area, with a particular focus on the hydrology of the region, the type 
of soils, the vegetation communities found, and a general description of the three rare plant 
species. In Chapter 2, I examine seed dormancy, evaluate cold stratification needs for dormancy 
break, determine germination percentages, and evaluate germination responses to field-derived 
salinity gradients for the three rare plants. This information is crucial to understand their 
presence and abundance, determine salinity tolerances, and inform wetland management 
decisions and restoration efforts that aim to provide suitable conditions for germination and 
establishment. Finally, in Chapter 3, I evaluate how soil moisture and salinity varies spatially and 
temporally in areas where the three rare plants occur and then evaluate how the three rare plants 
relate to this variability. A focus is employed on soil moisture and salinity, as these factors are 
known drivers of vegetation (e.g., Adam 1990, Euliss et al. 2004, Noe and Zedler 2001), have 
been particularly suggested to influence the three rare plant species (Grunstra and Van Auken 
2007, Sivinski and Tonne 2011), and can be manipulated through moist-soil management 
(Fredrickson and Taylor 1982, Fowler et al. 2014). The produced information will contribute to 
wetland management decisions and restoration planning to support the populations of the three 
rare wetland plants and provide knowledge regarding key abiotic processes that highly influence 
the ecology of spring-fed arid marshes. 
1.3. Overview of the Physical and Biological Setting 
1.3.1. Study Area: Bitter Lake National Wildlife Refuge 
Bitter Lake NWR is in southeastern New Mexico, approximately 12 kilometers to the 
east of Roswell in Chavez County, along the historic floodplain of the middle Pecos River. It has 
9,930 hectares (ha; 24,536 acres) divided in three different tracts: the Salt Creek Wilderness 
(northern tract; 4,920 ha/12,160 acres), the middle tract (4,564 ha/11,280 acres), which includes 
most wetland management units, and a southern tract (446 ha/1,102 acres) that was once 
agriculture land (USFWS 1998). This study was conducted in the middle tract, within the 
wetland management units from Bitter Creek to Hunter Marsh (Figure 1.1). Pecos sunflower, 





Figure 1.1. Study Area – Bitter Lake National Wildlife Refuge 
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The refuge is shaped by an arid landscape with representative features of the Chihuahuan 
Desert and the Southern Great Plains ecoregions. The mean annual precipitation is 310 mm, 
although very variable among years, while the annual temperature averages 16°C, with average 
year highs of 24°C and lows of 8°C (Figure 1.2; NOAA 2021). Wetland habitats are primarily 
supported by natural groundwater discharge, while outflows of the systems primarily occur via 
evapotranspiration and surface runoff and groundwater discharge to the Pecos River.  
 
Figure 1.2. Long-term precipitation (A) and short-term temperature (B) at Bitter Lake NWR. 
Dashed lines indicate regression line. Data: NOAA (2021). 
1.3.2. Water Resources and the Roswell Artesian Basin 
 Bitter Lake is over a karst landscape dominated by gypsum and limestone. The 
abundance and unique water resources of Bitter Lake NWR originate from the Roswell Artesian 
Basin which has created the numerous karst springs, seeps, sinkholes, creeks, and playa lakes in 
the west bank of the Pecos River floodplain (Land and Newton 2008). Natural groundwater 
discharge in the Roswell Artesian Basin rounds 37 million m3/yr and it is the main inflow source 
for the management units of the refuge (Land and Huff 2010, USFWS 1998).  
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The Roswell Artesian Basin comprises an area of approximately 10,360 km2 in the lower 
Pecos Valley of southeastern New Mexico (Land 2016), while the area of artesian flow occupies 
an area of roughly 1,100 km2 along the Pecos River from Roswell to north of Carlsbad, NM 
(Fiedler and Nye 1933). It consist of an eastward-dipping two-aquifer system composed by a 
carbonate aquifer overlain by a leaky confining unit and an unconfined alluvial aquifer, 
regionally known as the artesian and shallow aquifers, respectively (Figure 1.3; Fiedler and Nye 
1933, Welder 1986).  
The artesian aquifer (artesian meaning that is confined under pressure greater than 
atmospheric) consists of carbonate (dolomite and limestone) rock from the San Andres 
Formation of the Permian (Guadalupian) age (Welder 1986, Land and Huff 2010). Water is 
stored in multiple porous and transmissive zones formed by the dissolution of evaporites during 
the late Permian age and enhanced by continued groundwater flow (Welder 1986). The artesian 
aquifer is confined in the bottom by the Yeso Formation, which is composed of siltstone, 
mudstone, carbonates and gypsum, while the upper part is confined by the Artesian Group 
composed by multiple Permian-age formations that consists of redbeds (e.g., sandstone, siltstone, 
and claystone) and gypsum (Land et al 2008, Welder 1986). However, the artesian aquifer 
becomes unconfined, under water table conditions, approximately 60 kilometers to the west of 
Bitter Lake NWR, within the Pecos Slope as it approaches the Sacramento Mountains (Land and 
Newton 2008; see Figure 1.3). Recharge of the artesian aquifer occurs mainly by infiltration 
from precipitation and runoff in eastern-flowing streams in the San Andres limestone outcrop 
area (i.e. the unconfined region) within the Pecos Slope (Welder 1986, Land and Huff 2010) with 
annual recharge generally rounding 370 million m3 (Barroll and Shomaker 2003). Groundwater 
from the artesian aquifer moves east and south through the unconfined area and upward through 
the leaky confining beds of the Artesian Group into the shallow aquifer, and eventually to the 
numerous springs, seeps, and sinkholes of Bitter Lake NWR and the region (Figure 1.2.; Land 
and Huff 2010). 
 
Figure 1.3. Hydrostratigraphic cross-section of the Roswell Artesian Basin (taken from Land and 
huff 2010). Location of Bitter Lake NWR is indicated as “Bitter Lakes sinkholes”. 
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 The shallow aquifer (alluvial aquifer) mainly consists of alluvium deposited in the former 
Pecos River floodplain (known as the Pecos Valley) during the late Tertiary and Holocene and it 
is composed primarily of sand and gravel, with lesser quantities of clay and silt (Barroll and 
Shomaker 2003, Land and Newton 2007). This aquifer is 90 m thick at the most and it extends 
about 15 to 25 km to the west of the Pecos River, up to 3 km to the east, and nearly 100 km long 
from Roswell to north of Carlsbad, NM (Barroll and Shomaker 2003, Welder 1986). Recharge of 
the shallow aquifer occurs mainly through two processes: upward leakage from the artesian 
aquifer and by infiltration of irrigation return flows (Barroll and Shomaker 2003), but it has been 
noted that flow direction from the artesian aquifer changes as a result of irrigation stress to the 
aquifer (Welder 1986). In lesser significance, recharge to the shallow aquifer also occurs via 
infiltration from local precipitation and the Pecos River, particularly during the summer 
irrigation months when the water table is lower (Land and Newton 2008). 
 Groundwater salinity of the Artesian aquifer is highly variable, usually increasing from 
west to east (from the unconfined to the confined region), ranging from fresh (<1 grams per liter 
total dissolved solids; g/L TDS)) in the unconfined area, to brackish (~2.5 g/L TDS) in springs of 
Bitter Lake NWR, to saline and hyper-saline (>35 g/L TDS) in sinkholes of the region (Gallo 
2014, Land and Newton 2007). Partey et al. (2011) reported total dissolved solids (TDS) of up to 
87 g/L at sinkholes of Bitter Lake NWR and Land and Huff (2010) reported TDS of 95 g/L at 
Bitter Lake, roughly three times the concentration found in seawater. Broadly, a freshwater-
saline water interface occurs near the unconfined-confined boundary of the artesian aquifer (see 
Figure 1.3), just east of Roswell (Land and Newton 2007). The hydrochemistry of groundwater 
discharge within Bitter Lake NWR is also highly variable and dependent on the geologic features 
and architecture of the Roswell Artesian Basin. The spring water is naturally rich in solutes, 
especially high in sulfate and chloride, as it passes through underlying gypsum and halite 
bedrock during its upward flow, thus discharge water is generally brackish to saline (Partey et al. 
2008). Generally, most springs and associated wetlands in the refuge are brackish, with TDS 
ranging from 2 to 6 g/L, while saline (TDS >10 g/L) and hypersaline (>35 g/L) conditions are 
found within the sinkholes and at Bitter Lake (Land and Huff 2010, Partey et al. 2011). 
 Groundwater recharge, discharge, flow, and salinity are now considerably affected by 
anthropogenic activities throughout the Roswell Artesian Basin, with significant implications to 
groundwater-surface water interactions, and ultimately impacting habitat conditions at Bitter 
Lake NWR. Groundwater development began in the late 1800s, with the first well drilled in the 
city of Roswell in 1891, but rapidly increasing to 153 wells in 1900, 485 in 1905 and nearly 
1,600 wells today (Fiedler and Nye 1933, Land and Newton 2007). Wells were first drilled to 
supply individual households and gardens, but people rapidly saw its potential for irrigation of 
large areas (Welder 1986). By the 1950s there were 58,000 hectares of irrigated land in the 
Roswell Artesian Basin, withdrawing from both, the artesian and the shallow aquifers (Land and 
Newton 2007). Groundwater withdrawals peaked at nearly 50 million m3/yr by the 1960s 
(Barroll and Shomaker 2003). As water levels in the aquifer significantly dropped, during the 
1960s, the Pecos Valley Artesian Conservancy District forced a decline in pumping, water rights 
were adjudicated and metering of wells began (Land and Newton 2007). Irrigated land has been 
now reduced to roughly 43,000 hectares, however it is still estimated that 43 million m3/yr are 
diverted through wells, of which approximately one third returns to the aquifers via infiltration 
and rest is depleted (Barroll and Shomaker 2003). Thus, the modern hydrology of the Roswell 
Artesian Basin is greatly impacted by groundwater diversion, particularly by irrigation. During 
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the irrigation months, groundwater levels drop, recharge of the shallow aquifer from the artesian 
aquifer shifts, and in general spring flows significantly weaken (Barroll and Shomaker 2003, 
Land and Newton 2007, Land and Huff 2010, Welder 1986). Also, the freshwater-saline water 
interface moves westward, which has serious potential impacts to the water quality that supplies 
urban areas (Land and Newton 2007), as well as potential increases in salinity in spring-fed 
wetlands. In contrast, during non-irrigation months (winter season) water levels and spring flows 
come back up.  
The Pecos River played a significant role in shaping today’s geomorphology. It originates 
in the Sangre de Cristo Mountains near Santa Fe in northern New Mexico, where it is initially 
fed by snowmelt and runoff, it then runs southeast and south, cutting through the arid landscape 
of eastern New Mexico, continually fed by precipitation runoff and groundwater discharge (often 
high in salinity), until it merges the Rio Grande in west Texas (Longworth and Carron 2003). As 
most rivers in arid/semi-arid regions, the Pecos River has been heavily impacted by water 
development (e.g., dams and other diversion structures) and the introduction of exotic species 
(e.g., salt cedar) throughout its course, and particularly within its middle-reach in southeastern 
New Mexico (Tashjian 2003). Within the Roswell Artesian Basin, the Pecos River played a key 
role in creating the current geomorphological setting of Bitter Lake NWR, by shaping the current 
topography of the land through erosion and sedimentation processes (Means and Gardner 
1899).the Pecos River does not currently supply inflows for the moist-soil management units of 
the refuge (USFWS 1998). Hydrological connectivity between the Pecos River and its historic 
floodplain was altered by the creation of impoundments and by the channelization of the River 
course at the refuge. However, surface water connectivity is still kept between the river and the 
different oxbow lakes at the refuge, which provide riverine and lake habitats and add to the water 
resources of the refuge (USFWS 1998). Groundwater and surface spring flow ultimately 
discharge to the Pecos River (Land and Huff 2010), although during the irrigation season, the 
water table at the shallow aquifer drops and the Pecos River shifts to recharge the aquifer (Land 
and Newton 2008). 
1.3.3. Wetland Soils and Salinity 
The geologic features of the Roswell Artesian Basin greatly influence soil composition 
and structure in both uplands and wetlands of Bitter Lake NWR. Means and Gardner (1899) 
were the first to conduct a general soil survey in the Pecos Valley, which was focused on 
determining soils suitable for farming. In general, they found that soils of the Roswell area are 
dominated by sands and loams influenced by sedimentation processes of the Pecos and Hondo 
rivers. They described four main types of soils: Pecos sandy loam, Roswell sandy loam, Roswell 
loam, and Hondo meadows, the latter described as muddy (wet) clay loam underlaid by clay, and 
presumably includes the region of what is now the south tract of Bitter lake NWR. These areas 
were determined (as of 1899) as suitable for farming giving the low quantities of salts in the soil 
or the ease to flush out the salts through irrigation, and are currently the areas where over 95% of 
irrigated agriculture in the Roswell area occur. Furthermore, they noted a gypsum-dominated 
“alkali” region east and northeast of Roswell, not suitable for farming giving the high salinity, 
where “considerable quantities of calcium and magnesium chloride were found in the crust on 
the soil” as salts are brought to the soil surface by capillary action and cannot be leached out of 
the area to allow the growth of crops. Although no mention of large spring systems and wetlands, 
the described region presumably includes the current middle tract of Bitter Lake NWR.  
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Generally, Bitter Lake NWR is described as a karstic landscape consisting of gypsum 
bedrock, and thus soils are defined as gypsiferous (Donnelly 2008, Land and Huff 2010, Partey 
et al 2011). However, the amounts of sand and clay increases to the east, associated to the 
historic activity of the Pecos River (Welder 1986). Yet, no formal soil survey has been 
conducted for the wetlands of the refuge. 
During June 24-25, 2019, Natural Resource Conservation Service (NRCS) Soil Scientist 
Logan Peterson conducted a generalized soil site description within the management units of 
Bitter Lake NWR in support of this study (see Appendix A.). Many soils are highly influenced 
by the artesian spring system. Permanently reduced conditions attributed to spring flow and a 
high water table are present in the western boundary of the management units from units 3 to 15, 
with A4 (hydrogen sulfide) and A7 (mucky mineral) hydric indicators (following USDA-NRCS 
2018) dominating the soil surface (Figure 1.4A and 1.4B). Moving eastwards from the spring 
influence (see Figure 1.4), soils become more mineral, with gypsiferous loams and gypsiferous 
sandy loams textures, and F3 (depleted matrices) or no hydric indicators (USDA-NRCS 2018) 
within the first meter. Patches of bare areas (i.e., no vegetation) of gypsiferous sandy loams and 
loamy sands are also common within management units. Gypsum dominates mineral fractions, 
which also acts as a source of sulfate, suppressing methanogenesis in the subsoil (i.e., no 
methane emissions). Some layers of  high clay and silt content are found within the first meter in 
the eastern boundary of the management units, near historic oxbows, and near the southern 
boundary of the refuge (i.e. Hunter Marsh unit, see Figure 1.4C), which suggests historic activity 
of the Pecos River floodplain influencing soils in these areas. Salt crusts are common in all 
management units, resulting from the accumulation of salts in the surface layer from brackish to 
saline surface and groundwater, and high evapotranspiration rates.  
 
Figure 1.4. Soil pits from management units at Bitter Lake NWR. (A) A4 hydrogen sulfide and 
A7 mucky mineral hydric indicators in Unit 5. (B) A7 mucky mineral hydric indicators in Unit 6. 
(C) F3 depleted matrices indicators in Hunter Marsh. 
  As previously mentioned, groundwater discharge through springs and seeps in the 
wetland management units of Bitter Lake NWR is naturally brackish (i.e. rich in ion content) as 
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water flows through underlying halite and gypsum bedrock, resulting on weathering processes 
that bring up ion-rich water to the surface. Thus, the hydrochemistry of springs within the 
management units primarily consists of gypsum (CaSO4) and sodium chloride (NaCl) with TDS 
varying from roughly 2000 to 7000 ppm (Partey et al. 2011), and it is the most significant source 
of salts to the system. Soil salinity varies spatially and temporally throughout the wetlands and 
management units of Bitter Lake NWR in relationship to hydrologic regimes, geology, climate, 
soil properties, and wetland management regimes. Soil salinity is a key driver of plant 
establishment and vegetation structure (Adam 1990, Noe and Zedler 2001). High salt 
concentration in the soil surface can impede the ability of roots to take up water (osmotic 
inhibition) and can also alter biogeochemical processes in the soil, such as plant mineral nutrition 
imbalance, microorganism diversity, and soil structure (Daliakopoulous et al. 2016). Thus, 
vegetation communities at Bitter Lake NWR primarily consists of plants well adapted to saline 
and alkaline conditions (halophytes), and/or species that can tolerate brackish conditions 
(Donnelly 2008, Peterson and David 2001). However, salt accumulation in the soil surface 
significantly vary spatially and temporally throughout the refuge, as accumulation is affected by 
numerous natural (primary salinization) and human-induced (secondary salinization) factors and 
the interactions among these factors.  
First, high salt concentration is common among arid/semi-arid regions because 
evapotranspiration rates exceed precipitation and salts are left behind in the soil surface as water 
evaporates, particularly in lowlands (e.g., wetlands) where salts are carried down due to runoff 
from uplands, but precipitation is not enough to drain and/or leach salts from the soil surface 
(Jolly et al. 2008). However, this process is highly variable among and between years in response 
to precipitation rates. Rainfall is an effective way to “freshen” the system by flushing away salts 
from the soil surface through runoff and/or leach salts down the soil profile.  
Salts also accumulate in the soil surface via capillary action, i.e. the upward movement of 
groundwater due to surface tension of water in soil pores, particularly in areas where the water 
table is shallow (Northey et al. 2006). This process is regulated by variability in groundwater 
depth, groundwater salinity, and soil properties (e.g., higher capillary rise in fine sediments, such 
as clays, than in coarse particles, such as sands).   
Wetland management strategies also greatly influence salt accumulation in the soil 
surface. It has been demonstrated that moist-soil management is an effective way to leach out 
salts from the soil surface in arid systems (Fowler et al. 2014). Water management infrastructure 
(e.g., dikes, culverts, floodgates, etc.) allows managers to impound and release water in timely-
effective manners to flush out salts from the system. However, the naturally-saline spring water 
at Bitter Lake NWR, which is the main source of inflow, makes this technique challenging, as 
salts can quickly accumulate due to evaporation if impoundments are kept inundated for long 
periods, bringing significant effects to biota.  
Other potential factors and processes influencing salt accumulation in soils of Bitter Lake 
NWR include winds, where salt deposits exposed in the surface are transported (in and out) via 
high winds (Langbein 1961), increasing groundwater salinity due to aquifer recharge from 
irrigated lands that contain high loads of fertilizers (Land and Huff 2010), increasing 
groundwater salinity due to westward movements of more saline groundwater in response to 
groundwater development for irrigation (Land and Newton 2007), and the alteration of the 
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overall hydrologic regime due to changes in precipitation patterns and lowering of water table 
due to over-pumping.  
1.3.4. Vegetation  
Wetland habitats at Bitter Lake NWR hold a large pool of plant species that occur in a 
variety of hydrological and salinity regimes that are supported by the Roswell Artesian Basin. 
Nonetheless, vegetation composition and structure is highly dynamic spatially and among and 
between years in response to the combination of abiotic conditions, particularly soil moisture and 
salinity, being the most significant disturbance factors driving species presence, abundance, and 
dominance (Van der Valk 1981). This variation in vegetation composition and structure can be 
perceived in the various plant inventory studies that have been conducted at Bitter Lake NWR 
over the years (e.g., Donnelly 2008, Peterson and David 2001, Sivinski and Tonne 2011, and 
Sivinski 2018). 
Most springs within the management units are located along the western edge of the 
historic Pecos River floodplain, creating zones that hydrologically transition from west to east 
from permanent to seasonal and temporal wet edaphic conditions, together supporting a system 
of arid spring-fed saline marshes, regionally known as ciénegas. Ciénega habitats at Bitter Lake 
NWR support soils with high organic content (A4 and A7 soils) and are dominated by three-
square bulrush (Schoenoplectus americanus), saltgrass (Distichlis spicata), alkali bulrush 
(Bolboschoenus maritimus), and cattail (Typha sp.). Wright’s marsh thistle, Leoncita false-
foxglove, and Pecos sunflower are also found in this marsh system (Figure 1.5). Wright’s marsh 
thistle occurs in wetter habitats compared to the other two species, mainly associated with three-
square bulrush and scratch grass (Muhlenbergia asperifolia; Sivinski 2012, personal obs.). 
Leoncita false-foxglove typically occurs in monotypic patches in unit 6 over mucky mineral (A7 
indicator) soils, or associated with Pecos sunflower and saltgrass within the same type of soils 
(Sivinski 2011, personal obs.). Pecos sunflower is the most widely distributed of the three 
species, commonly forming large patches throughout all units along the ciénega habitat, but 
more commonly in seasonally flooded areas (i.e., with no permanent saturated conditions in the 
soil surface).  
Moving eastward from the spring-influenced areas, soils with high organics transition to 
more mineral and a more seasonal hydroperiod. These seasonally flooded areas within the 
management units are dominated by saltgrass, alkali sacaton (Sporobolus airoides), pickleweed 
(Salicornia bigelovii), iodine bush (Allenrolfea occidentalis), Pecos sunflower, common reed 
(Phragmites australis), and large patches of bare salt flats (e.g., see unit 16 in Figure 1.1). The 
eastern edge of the moist-soil units and the intersessions with the Pecos River have a temporal to 
episodic hydroperiod and are dominated by alkali sacaton, fourwing saltbush (Atriplex 
canescens), and honey mesquite (Prosopis glandulosa). 
Lastly, uplands of Bitter Lake NWR are dominated by gypsiferous (alkali) vegetation 
representative of the Chihuahuan Desert and the Great South Plains, described as Chihuahuan 
Gypsophilous Grassland and Steppe (Donnelly 2008), including gyp dropseed (Sporobolus 
nealleyi), alkali sacaton, gyp grama (Bouteloua breviseta), hairy clinklemat (Tiquila 




Figure 1.5. General representative features of the historic Pecos River floodplain at Bitter Lake 
NWR. Dashed blue line indicates winter groundwater table, orange dashed line indicates summer 
groundwater table. 
1.3.5. Rare Plant Species Descriptions 
Pecos sunflower (Helianthus paradoxus, Heiser) is an annual wetland plant in the Aster 
family (Asteraceae). It is 1 to 3 meters tall with glabrous to hispid stems, opposite leaves below 
and alternate above, lanceolate with 3 prominent veins and up to 17.5 cm long by 8.5 cm wide; 
flower heads are solitary in terminating branches, 3 to 5 cm across including ray flowers, flowers 
are yellow, and plants flower between August to October (McDonald 1999). It was federally 
listed as Threatened under the Endangered Species Act in October 1999 as a species with 
moderate threat and high potential for recovery (USFWS 2005). This species is only known to 
occur in spring-induced habitats and ciénegas of two sites of West Texas and 5 sites of New 
Mexico (USFWS 2005). It has been determined that Pecos sunflower is well adapted to saline-
alkaline wetland environments and that these moist and salt conditions regulate its establishment 
and distribution within spring habitats in the semi-arid southwest (Grunstra and Van Auken 
2007). Van Auken (2001) found that Pecos sunflower seeds require a cold stratification period to 
break up physiological dormancy and allow its germination. This “dormant” period allows the 
plant to avoid winter conditions when soils are regularly flooded and there are potential risks of 
killing frosts. Later on, Bush (2005, 2006) determined that abiotic factors, specifically soil 
moisture and salinity affect the growth of Pecos sunflower, finding that plants growth is 
regulated mainly by soil salinity, and soil moisture is mostly important later in the season to help 
wash off salts from the soil. According to them, plants prefer surface soil salinities of 500 ppm, 
and plants biomass was found the lowest when surface soil salinity was 3000 ppm or greater.  
Pecos sunflower was discovered at Bitter Lake NWR in 1991, occurring mostly within 
the edge of the levees (i.e. in well-drained areas) constructed for water management (USFWS 
13 
 
1997). Since its listing as a Threatened species, the refuge began sunflower surveys and mapping 
efforts to establish its critical habitat and guide management. According to the last Technical 
Memorandum, in 2018 there were an estimated 12.7 million plants throughout the refuge, with a 
density of 30.9 plants/m2 and occupying all moist-soil management units (USFWS 2018).  
On the other hand, germination, requirements and responses to abiotic conditions, and 
population information, along with other basic life history information, is missing for Wright’s 
Marsh Thistle and the Leoncita False-Foxglove. Both species have a similar restricted range in 
Southwestern U. S., and both have been documented to coexist with Pecos sunflower at Bitter 
Lake NWR (Sivinski 2012, USFWS 2018).  
Wright’s marsh thistle (Cirsium wrightii, Gray) is considered a biennial (achieves full 
development in two years) or a “weak” monocarpic perennial (a plant that grows in a vegetative 
stage for over a year, flowers once, produces seeds, then dies) in the Aster family. It grows 1 to 
2.5 meters tall with basal leaves ample and slightly succulent, growing greater than 30 cm long; 
it is prickly with short black spines, glabrous, sinuate or pinnatifid; the stem leaves are similar, 
sessile, decurrent, and gradually reducing in size up the stem; flower heads are hemispherical, 2-
3 cm across and small glandular phyllaries with papillose projections on upper surface; flowers 
are pink and light pink, and plants flower between August and October (Barlow-Irick 1999, Roth 
2019). It is considered a wetland-obligate species that grows on permanently saturated soils of 
ciénega habitats (Sivinski 1996). It became a Candidate species for federal listing under the 
Endangered Species Act in 2010 (USDI-FWS 2010) and it has just recently been officially 
proposed for listing as a Threatened species and to designate its critical habitat (USFWS 2020). 
Its populations have been documented to be in decline due to ciénega loss as a result of changes 
in land use (e.g., agriculture, mining, and urban development) and its occurrence is currently 
limited to ciénegas of New Mexico, whereas historical records suggests it was once found in 
Arizona, Chihuahua, and Sonora as well (Sivinski 2012). The population of this species has been 
presumably enhanced at Bitter Lake NWR after the implementation of moist-soil management, 
being first discovered in 1998 by the refuge staff at Unit 6 (Peterson and David 2001). By 2012, 
Sivinski (2012) reported an estimated 16,000 plants within 9.14 hectares of Units 5 and 6 of the 
refuge. Yet, no information regarding the relationships of wetland management and abiotic 
factors on the establishment of this species has been documented.  
Leoncita false-foxglove (Agalinis calycina, Pennell) is the rarest species of the three. It is 
an annual, hemiparasitic species in the Scrophulariaceae family. It is succulent, glabrous, except 
on floral parts, about 50 cm tall; branches are divergent, ascendant, and numerous, light green or 
purplish color; leaves are opposite, linear, and entire, 2-4 cm long, 1-1.5 mm wide; 
inflorescences are racemose, bracteates, campanulate, calyx tube 5-6 mm long and calyx lobes 
narrowly triangular to linear, corolla irregular, pink and 20-25 mm long; the fruit is a capsule 
about as long  as the calyx lobes, and has numerous seeds; plant flowers between September and 
October (Bleakly 2010). It was proposed for listing under the Endangered Species Act in 2016 
and it is currently still a Candidate species for listing. It is considered a Species of Concern in 
Texas and Endangered in New Mexico. This species is only known to occur in wet and alkali 
areas of gypseous ciénega habitats of two sites: the Diamond Y Spring in West Texas, in a 
property owned and protected by The Nature Conservancy, and at Bitter Lake NWR, specifically 
only at units 3, 5 and 6 (Sivinski 2011). It was first documented at Bitter Lake NWR in 2000 
occurring in marsh habitats of unit 5 (Sivinski 2011, Peterson and David 2001). Other than its 
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taxonomic description (Bleakly 2010) and distribution (Sivinski 2011), no information on the life 
history of this species has been generated.  
 
Figure 1.6. Pecos sunflower (A), Wright’s marsh thistle (B), and Leoncita false-foxglove (C).  
The implementation of moist-soil management at Bitter Lake NWR could have promoted 
the habitat conditions to benefit the three species. Several studies have shown the effective use of 
wetland management techniques, such as the manipulation of water regimes (e.g. Fredrickson 
and Taylor 1982, Kross et al. 2008) and burning (e.g. McWilliams et al. 2007) for increasing the 
abundance of target vegetation. Additionally, some studies have evaluated the effects of these 
wetland management techniques on abiotic processes, such as soil salinity and moisture (Corwin 
et al. 2007, Franzen 2011, Fowler et al. 2014). The evaluation of the effects of moist-soil 
management and the associated abiotic processes to the three rare plants would facilitate the 
establishment of management strategies for the three species to enhance their abundance and 
distribution, as well as to guide restoration and reintroduction efforts.  
1.3.6. History of Wetland Management in Bitter Lake NWR 
In 1937, the U. S. Fish and Wildlife Service established Bitter Lake NWR given the vast 
amount of water resources supported by the Roswell Artesian Basin. They saw the potential to 
impound spring flow to increase surface water area and enhance habitat for migratory waterfowl, 
cranes, and fish. Impoundments equipped with water control structures were constructed 
between 1940 and 1952 (USFWS 1998). Dikes were first built around Bitter Lake with the goal 
to expand its surface water area from nearly 20 hectares to 80. Then, units 15 and 16 were 
constructed in the southern portion of the refuge. Subsequently units 3, 5, 6, and 7 were 
established, with no units numbered 7 to 15 (see Figure 1.1). Bitter Creek, which nowadays only 
feeds Bitter Lake, was the main supply to all impoundments of the refuge, while springs along 
the western edge of the historic floodplain were used as supplemental water for the units. A 
recreational fishing program began in 1943, and with this, impoundments were kept flooded 
year-round, managing water levels using stop-log structures in pace with bird migration. 
Drawdown of impoundments was occasional, meant to either repair water control structures or 
control carp (Cyprinus carpius; introduced). However, it was recognized by the mid-1940s that 
salinity accumulated in the impoundments, bringing productivity problems as dissolved oxygen 
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in the units was significantly reduced, which required occasional drawdown to “control” salts 
(USFWS 1998). However, this management strategy did not yield the expected habitat results, as 
salt continued to accumulate.  
It was until the mid-1990s, when a new manager recognized that “full-to-the-brim” water 
levels was not a natural situation, and with nearly 2 meters of annual evaporation, salts have had 
concentrated throughout the years, and such static hydrological conditions was killing the aquatic 
system (USFWS 1998). In 1994, the refuge switched to moist-soil management. First, with the 
objective to control salt accumulation in the system, and then to mimic the natural hydrological 
regime of the system to provide habitat for all fish and wildlife (i.e. not just game species). 
During that decade, the refuge also began efforts for water right claims and began integrated 
monitoring of surface water and salinity. The Service claimed water rights for the minimum 
amount necessary to maintain biological productivity on a monthly basis and meet fish and 
wildlife objectives. 
In general, impoundments are completely drained through a slow drawdown of water 
levels from late winter to early spring, flushing salts from the system and providing foraging 
habitat for migratory birds in the process, and then exposing the surface soil to promote plant 
germination. Most units remain completely drained during the summer (i.e. the growing season) 
when evaporation is highest, but some surface water is kept in some lowland regions and along 
canals to provide habitat for fish and breeding species. Then, in the fall, as the water table 
increases in response to monsoons and as irrigation season ends, units begin to be slowly 
flooded, matching bird migration as they move from breeding grounds in the north towards 
wintering sites south. Units then remain shallowly (10-30 cm) flooded throughout the winter and 
subsequently drawdown again in the spring. Although this is the general modus operandi of 
moist-soil management, the aim is to mimic natural processes and the timing and depth of 
surface water inundation varies between and among years as the natural system does in response 
to climate variability. Also, water management might vary with respect to specific species goals 
(e.g., a unit may remain flooded during the summer to support fish) or other management tools 
(e.g., a unit may remain drained throughout the winter for a prescribed fire).  
While the focus of wetland management has always been migratory bird habitat, as more 
information is generated regarding the uniqueness of ciénega habitats, and rare and endemic 
species, and with several of them being federally listed under the Endangered Species Act, 
moist-soil management has been favorably used to benefit the diversity of habitats and species at 
Bitter Lake NWR. Additionally, other management tools, such as prescribed fire and 
applications of herbicide treatments to control exotic species, are implemented to enhance and 
restore fish and wildlife habitats and ciénegas.  
Moist-soil management has been an effective technique to mimic natural wetland 
processes, and therefore its applications extend far beyond the provision of waterfowl habitat. 
With a basic understanding of the system, such as abiotic processes and plant succession, this 
technique provides a powerful tool to provide favorable conditions for species of high 
conservation value (e.g., plants, fish, and migratory birds). Importantly, with increasing water 
uncertainty and continuous modification of the landscape, wetland management may be the most 
viable way to assure the conservation of rare species and wetland ecosystem services within arid 
and semi-arid regions. 
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CHAPTER 2. SEED GERMINATION REQUIREMENTS AND RESPONSES TO 
SALINITY FOR THREE RARE WETLAND PLANTS OF SPRING-FED ARID 
SYSTEMS 
2.1. Introduction 
Spring-fed wetlands within arid and semi-arid regions are largely supported by the 
interactions between groundwater discharge and the geomorphological and climatic features of 
the setting (Brinson 1993, Patten et al. 2007). These relationships create gradients of abiotic 
conditions, particularly soil moisture and salinity that influence the distribution and diversity of 
plants, including numerous endemic and rare species restricted to specific settings (Noe and 
Zedler 2001, Minckely et al. 2012, Simkin et al. 2021). Salinity is a driving factor of vegetation 
communities, as salts can impede the ability of roots to take up water (i.e. osmotic inhibition), 
affect plant nutrition, soil structure, and microorganism diversity (Daliakopoulous et al. 2016). 
Salinization is a common process within natural arid/semi-arid wetlands, primarily because 
evapotranspiration rates exceed precipitation (Tweed et al. 2011). Nevertheless, groundwater can 
be a major contributor of salinity to wetlands, accumulating ions as it passes through underlying 
mineral bedrock (i.e. rock weathering) during its upward flow (Jolly et al. 2008, Partey et al. 
2008). Salts accumulate on the soil surface, and only some species have the mechanisms to 
tolerate salinity (i.e. halophytes).  In turn, this becomes a regulating factor of plant species 
distribution and composition (Adam 1990, Chenchouni 2017).  
While salinization is common in arid/semi-arid regions, spring-fed arid wetlands are at 
particular risk of increases in salinity and drier hydrological regimes due to anthropogenic 
activities and increasing water uncertainty (Jolly et al. 2008). Human-induced salinization (i.e. 
secondary salinization) is considered one of the biggest threats to vegetation in wetlands of arid 
and semi-arid systems (Coletti et al. 2017). Such alterations to abiotic conditions may jeopardize 
the distribution and abundance of plants by exceeding physiological tolerances during the life 
cycle. Halophytes tolerate salinity differently at different stages of the life cycle, and this may be 
a key driver of plant establishment and abundance (Adam 1990, Ungar 1996). The period 
between seed maturation and germination is one of the most critical stages of the plant life cycle, 
due to sensitivity to environmental stressors at this phase (Ungar 1978, Baskin and Baskin 2014). 
Salinity affects seed dormancy break and germination requirements by impeding imbibition (i.e. 
seed water uptake), inducing ion toxicity, or a combination of both (Ungar 1978). Ungar (1995) 
proposed that seed tolerance to salinity must be examined as the ability to germinate at high 
salinities, as well as the ability to recover and germinate after exposure to high salinities. 
Although halophytes are characterized by a high tolerance to salinity, salinity tolerance varies 
among species (Adam 1990, Ungar 1995). Furthermore, numerous studies indicate that 
germination of many halophyte species is enhanced or optimal in fresher conditions and 
decreases with increasing salinities (Adam 1990, Baskin et al. 1998, Ungar 1996, Gul et al. 
2013). Similarly, several authors have documented the ability of seeds of many halophyte 
species to recover from exposure to high salinities (Gul et al. 2013, Murru et al. 2015).  
Halophytes exhibit different seed germination strategies in overcoming extreme 
conditions, such as freezing temperatures, water stress, and salinity regimes, which are typical of 
arid and semi-arid regions (Gul et al. 2013). A key strategy, particularly common in annual 
wetland plants of arid/semi-arid regions, is seed dormancy, or the ability of seeds to enter a 
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“dormant” status. Seed dormancy can be defined as a strategy where seed germination is delayed 
until conditions are optimal, or near optimal, for seedling establishment (Baskin and Baskin 
2004). Additionally, non-dormant seeds may enter dormancy during favorable germination 
conditions presumably due to evolutionary adaptations that ensure seed germination during 
conditions that favor seedling establishment and survival (Baskin and Baskin 2014).  
Seed dormancy is an adaptation that retains seed viability during unfavorable conditions 
and plays a significant role in maintaining soil seed banks (Ungar 2001). Dormancy can be 
innate, enforced, or induced as a response to environmental factors (stressors) such as 
temperature, light, and salinity, that do not favor germination, or by conditions in which the 
seedlings would otherwise not survive (Baskin and Baskin 2004a, Gul et al. 2013, Ungar 2001). 
Physiological dormancy (PD) is the most common type of seed dormancy worldwide (Baskin 
and Baskin 2004a), and particularly the most common among wetland annuals in arid regions of 
North America (Gul et al. 2013, Ungar 1996). In seeds with PD, germination is delayed by a 
physiologically inhibiting mechanism. These seeds require exposure to cold and/or warm 
stratification for dormancy break (Baskin and Baskin 2004b, Bentsink and Koornneef 2008). 
Moreover, seeds may possess a deep or non-deep level of PD, which differ in the length of cold 
and/or warm stratification required to break dormancy (Hawkins 2020). For dormancy break, 
seeds with no-deep PD require ≤12 weeks of stratification, whereas seeds with deep PD require 
periods of >12 weeks of stratification (Hawkins 2020). Further, seed dormancy break and 
germination are separate processes, and thus, requirements for dormancy break may differ from 
that of germination, and different environmental conditions may be required to promote 
germination (Baskin and Baskin 2014).  
In this study, seed dormancy break and germination responses to field-derived salinity 
gradients are investigated for three rare plants of Bitter Lake National Wildlife Refuge (NWR), 
in southeastern New Mexico:  Pecos sunflower (Helianthus paradoxus, federally threatened), 
Wright’s marsh thistle (Cirsium wrightii, officially proposed for listing as federally threatened), 
and Leoncita false-foxglove (Agalinis calycina, federal species of concern). The distribution of 
the three species is limited to spring-fed saline marshes of west Texas, New Mexico, and 
southeastern Arizona (Sivinski 2011, 2012, Van Auken and Bush 2007), and little is known 
about their life history. Van Auken (2001) determined that Pecos sunflower seeds require a 
storage period to break up physiological dormancy and allow its germination, and found 
germination of up to 70% when seeds were stored for approximately 20 weeks under dry and 
warm (25 °C) conditions. However, these conditions may not translate to the natural 
environments, as seeds mature in the fall and germinate during the early spring, i.e. they undergo 
moist and cold conditions of winter. On the other hand, I am unaware of studies about dormancy 
break and germination requirements of Wright’s marsh thistle and Leoncita false-foxglove. The 
three species seed responses to salinity are also unknown.  
At Bitter Lake NWR, soil salinity is lower in the spring due to low evapotranspiration 
rates, high water tables, and precipitation that enhance flushing and leaching of salts from the 
soil surface (Chapter 3). We predict that the seeds of Pecos sunflower, Wright’s marsh thistle, 
and Leoncita false-foxglove are dormant at dispersal and require a period of cold stratification 
that resembles winter conditions to break dormancy. Moreover, we hypothesize that the three 
species are able to recover from exposure to salinities during cold stratification, but high 




2.2.1. Study area 
Bitter Lake National Wildlife Refuge (hereafter Bitter Lake NWR) is located in the lower 
Pecos Valley of southeastern New Mexico, approximately 12 kilometers east of Roswell in 
Chavez County. The refuge is comprised of 9,930 hectares divided into three different tracts. 
This study was conducted in the middle tract (4,564 ha), which includes most wetlands systems 
(33.449213°N, -104.399629°W). The refuge is located over the Roswell Artesian Basin, which is 
characterized by karst topography and is responsible for the physical sinkholes and water 
resources of Bitter Lake NWR including seeps, springs, and associated wetlands (Land and 
Newton 2008). Subsurface layers of gypsum (CaSO4) and halite (NaCl) enrich groundwater 
discharge with ion concentrations, ranging from 1.83 to 6.81 g/L total dissolved solids (TDS) in 
springs and 38.44 to 86.97 g/L TDS in sinkholes  (Land and Huff 2010, Partey et al. 2011). The 
climate is arid with mean yearly precipitation of 310 mm, although highly variable between and 
among years, while the mean annual temperature is 16 °C, ranging from an average low of 0°C 
in the winter to an average high of 34°C in the summer (NOAA 2021).  
Since the mid-1990s, spring-fed wetlands of the refuge have been managed as moist-soil 
units (Peterson and David 2001, USFWS 1998). Moist-soil management is the manipulation of 
water regimes to enhance the production of wetland plant communities and invertebrates in man-
made impoundments, primarily used to provide food resources to meet the demands of migratory 
birds (Fredrickson and Taylor 1982). Most springs within the management units are located 
along the western edge of the historic Pecos River floodplain, creating zones that hydrologically 
transition from west to east from permanently to seasonally saturated soil conditions (Figure 
2.1). This hydrological variation and its associated salinity regime regulate vegetation 
communities at Bitter Lake NWR. Three-square bulrush (Schoenoplectus americanus), saltgrass 
(Distichlis spicata), alkali bulrush (Bolboschoenus maritimus), and cattail (Typha sp.) dominate 
areas with permanently wet and brackish conditions near the springs. Saltgrass, alkali sacaton 
(Sporobolus airoides), pickleweed (Salicornia bigelovii), iodine bush (Allenrolfea occidentalis), 
Pecos sunflower, and patches of bare salt flats dominate seasonally flooded areas. Wright’s 
marsh thistle and Leoncita false-foxglove occur within the marsh habitats adjacent to springs, 
while Pecos sunflower is the most widely distributed of the three species, commonly forming 
large patches throughout all units, but more commonly found in seasonally flooded areas (Figure 
2.1). Uplands are dominated by shrub-grassland vegetation including alkali sacaton, fourwing 
saltbush (Atriplex canescens), and honey mesquite (Prosopis glandulosa), and are classified as 




Figure 2.1. Representative features of the historic Pecos River floodplain at Bitter Lake NWR. 
Blue dashed line indicates winter groundwater table, orange dashed line indicates summer 
groundwater table.  
2.2.2. Seed collection and general experimental treatments 
During fall of 2018, 2019, and 2020, we collected mature seeds of Pecos sunflower, 
Wright’s marsh thistle, and Leoncita false-foxglove across their known distribution range within 
Bitter Lake NWR. A maximum of two seed heads (or fruits for Leoncita false-foxglove) per 
plant were clipped and placed in paper bags.  For 2018, only seeds of Wright’s marsh thistle and 
Leoncita false-foxglove were collected. Seed heads were transported to the laboratory, manually 
dislodged by shaking or scraping the seed head/fruit and kept air-dried at 24°C for one week. 
Seeds were then exposed to seed dormancy break and germination treatments.  
All seed treatments were conducted using a Percival I36-VL incubator (Percival 
Scientific Inc., Perry, Iowa). The thermoperiod was set to alternating temperature regimes of 12 
hours at 24 °C (day), and 12 at 10 °C (night). These temperatures approximate conditions at 
Bitter Lake NWR for the early spring (NOAA 2021), when most germination is assumed to 
occur in natural conditions. Seeds in the incubator were monitored daily for germination until no 
germination occurred after 7 consecutive days. Seed germination was defined as the emergence 
of the radicle (at least 1 mm). 
2.2.3. Effects of cold stratification on seed dormancy break 
To determine if seeds are dormant at dispersal, a single replicate of 50 seeds of Wright’s 
marsh thistle and 54 seeds of Leoncita false-foxglove were placed in 10 mm diameter petri 
dishes on filter paper, moistened with distilled water, and placed in the incubator. Germination 
was recorded at 1 day intervals. Van Auken (2001) reported the presence of physiological 
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dormancy for Pecos sunflower, thus the presence of seed dormancy for Pecos sunflower was not 
tested. 
To test the effects of cold stratification on seed dormancy break, seeds from both species 
were placed on sand moistened with distilled water in 10 x 5 cm plastic dishes. A plastic lid was 
placed on each dish to minimize moisture loss. Dishes were placed in cold stratification at a 
temperature of 4°C in the dark for 15 weeks. After cold stratification, seeds were placed in the 
incubator and monitored for germination. This experiment consisted of 11 replicates of 30 seeds 
for Leoncita false-foxglove and 5 replicates of 15 seeds for Wright’s marsh thistle. Cold 
stratification time was selected based on field winter conditions (late-November to March).  
2.2.4. Effects of salinity concentration on seed germination 
To test germination responses to varying salinities during cold stratification and 
incubation, five salinity solutions were prepared using lab-grade sodium chloride (NaCl) and 
distilled water: 0 (control), 2.5, 5, 7.5, and 10 grams per liter (g/L). These salinities were selected 
based on previous field-derived monitoring observations of soil salinity within the distribution 
range of the three species at Bitter Lake NWR. Concentrations of 7.5 and 10 g/L NaCl were 
intentionally selected, because they exceed the observed field values during 2019 and 2020 (see 
Chapter 3). 
The experimental design involved cold stratification of seeds with the different salinity 
treatments (hereafter referred as “stratification salinity treatment”) followed by the incubation of 
seeds under the different salinity treatments (hereafter referred as “incubation salinity 
treatment”), i.e. combinations of all salinity values during cold stratification and all salinity 
values during incubation for each species (Figure 2.2).  
Cold stratification salinity treatments 
Based on observations from seed dormancy tests and preliminary experiments, cold 
stratification consisted of 10 weeks for Pecos sunflower, 8 weeks for Wright’s marsh thistle, and 
12 weeks for Leoncita false-foxglove. For each salinity treatment (5 levels; 0, 2.5, 5, 7.5, and 10 
g/L NaCl), seeds were wrapped in cotton cloth, buried in sand moistened with an assigned 
salinity solution within plastic dishes with lids and placed at 4°C in the dark for the assigned 
time. For Wright’s marsh thistle, only 0, 5, and 10 g/L NaCl treatments were used due to reduced 
sample size by seed predation by Tephritid fruit flies larvae (Tephritidae) prior to the time of 
collection. 
Incubation salinity treatments 
Following cold stratification, incubation experiments consisted of three replicates of 30 
seeds from each stratification salinity treatment (5 levels) for Pecos sunflower and Leoncita 
false-foxglove (Figure 2.2). For Wright’s marsh thistle, three replicates of 30 seeds for 
stratification salinity treatments of 0 g/L NaCl and three replicates of 25 seeds for 5 and 10 g/L 
NaCl were used (Figure 2.2). Seeds were placed in 10-mm-diameter petri dishes with two layers 
of filter paper moistened with a single 5 ml application of appropriate salinity solution (5 levels). 
Petri dishes were wrapped in plastic wrap to reduce moisture loss and were placed in the 




Figure 2.2. Experimental design for evaluating the effects of salinity on seed germination of 
Pecos sunflower, wright’s marsh thistle, and Leoncita false-foxglove. *Differences in cold 
stratification time (weeks) based on preliminary experiments. ** Sample size for Wright’s marsh 
thistle reduced due to predation prior to seed collection. 
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2.2.5. Data analysis 
For effects of cold stratification on seed dormancy break experiments, each seed was 
recorded individually with the variables: cold stratification (categorical with 1 level, e.g., 0 or 15 
weeks), days in incubator (continuous), and status (germination = 1, no germination = 0). For the 
germination responses to salinity experiments, each seed within a treatment was recorded 
individually with the variables: stratification salinity treatment (categorical with 5 levels, if 
applicable), incubation salinity treatment (categorical with 5 levels, if applicable), days in 
incubator (continuous), and status (germination = 1, no germination = 0). Germination 
percentages per species was calculated as:  
𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠
𝑇𝑜𝑡𝑎𝑙 𝑠𝑒𝑒𝑑𝑠 𝑝𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
 𝑥 100    
 (Eq. 1) 
For each treatment, seed germination means (± standard error; SE) were calculated. Seed 
dormancy and the effects of cold stratification were evaluated by performing one-way analysis of 
variance (ANOVA) between cold stratification treatments (i.e. 0 vs 15 weeks) to determine 
differences in the means and variance of germinated seeds for each species (α = 0.05). Then, to 
evaluate seed germination responses to salinity, we compared all combinations of treatments (i.e. 
stratification salinity treatments, incubation salinity treatments, and stratification vs incubation 
treatments) by performing two-way ANOVA to determine differences in the means and variance 
of germinated seeds for each species (α = 0.05) and account for interaction effects of salinity 
treatments during cold stratification and incubation. If significant differences (P < 0.05) were 
determined, a Tukey’s Honestly Significance Difference (HSD) test was conducted to determine 
which treatments or combination between treatments differ among each other. These 
comparisons will allow determining which salinity treatment has the greatest effect on seed 
germination for each species, i.e. salinity during incubation (S), salinity during stratification (CS 
+ S), or an interaction of both (S * CS + S; Table 1). 
Table 2.1. Description of salinity treatments tested. 
Treatment 
ID 
Description of statistical comparison Hypothesis tested 
S 
Incubation salinity treatments among 
all stratification salinity treatments.  
The ability of seeds to germinate 
during exposure to salinities. 
CS + S 
Stratification salinity treatments among 
all incubation salinity treatments. 
The ability of seeds to germinate after 
exposure to salinities. 
S * CS + S 
Each incubation salinity treatment vs 
each stratification salinity treatment. 
Interactions between the two 
treatments, i.e. seed germination after 
and during exposure to salinities. 
S = incubation salinity treatment, CS + S = Stratification salinity treatment. 
The effects of cold stratification on the timing of germination during incubation under 
control conditions (no salinity) was evaluated with a time-to-event plot for Pecos sunflower (10 
weeks), Wright’s marsh thistle (8 weeks), and Leoncita false-foxglove (12 weeks). Following the 




𝑆𝑡  =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑡ℎ𝑎𝑡 𝑔𝑒𝑟𝑚𝑖𝑎𝑛𝑡𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑡𝑎𝑟𝑡
 𝑥 100            
 (Eq. 2) 
Where S is the percentage of seeds that germinated at each time interval t. 
 All statistical analyses were conducted in program R version 3.6.0 (R Core Team 2019), 
package tidyverse (Wickham et al. 2019) was used for data manipulation and visualization and 
package survival (Therneau 2021) was used to calculate the timing of germination and develop 
the time-to-event plot. 
2.3. Results 
2.3.1. Seed Dormancy break and effects of cold stratification 
Seeds of Leoncita false-foxglove did not germinate after 0 weeks of stratification, 
suggesting they are dormant at dispersal. For Wright’s marsh thistle, germination of 88 ± 5.6% 
(mean + S.E.) was obtained with 0 weeks of stratification, germination commenced after 6 days 
and highest percentages were reached after 16 days (Figure 2.3). 
 
Figure 2.3. Cumulative germination for Wright’s marsh thistle during incubation (12h day @ 24 
°C/ 12h night @ 10 °C) without cold stratification treatment. 
After 15 weeks of cold stratification, germination was 46 ± 6% for Leoncita false-
foxglove. For Wright’s marsh thistle, germination was 89 ± 3.9%. Cumulative germination for 
Wright’s marsh thistle did not differ (P = 0.88) between the 0 (88 ± 5.6%) and 15 (89 ± 3.9%) 
week cold stratification treatments. Yet, cold stratification reduced the time to germination from 
16 days (without stratification) to 7 days (Figures 2.3 and 2.4). 
Under control conditions (no salinity), Pecos sunflower reached 98.9 ± 1.1% germination 
after 7 days in the incubator following 10 weeks of cold stratification, Wright’s marsh thistle 
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reached 88.5 ± 5.5% germination following 8 weeks of cold stratification, and Leoncita false-
foxglove reached 24.4 ± 1.1% following 12 weeks of cold stratification (Figure 2.4).  
 
Figure 2.4. Cumulative germination during incubation (12h day @ 24 °C/ 12h night @ 10 °C) 
for all three species. All species germinated within the first two weeks. 
2.3.2. Effects of salinity concentration on seed germination 
 Seed germination of the three species responded differently to salinity during cold 
stratification and incubation (Table 2.2). Pecos sunflower germinated at high percentages (> 
60%) in all salinity treatments (Figure 2.5A), but germination was lower (P < 0.001) when 
stratification salinity treatments and incubation salinity treatments were above 7.5 g/L NaCl 
(Figure 2.6 and 2.7). Germination in Wright’s marsh thistle was not affected by the tested 
salinities (Table 2.2). Seeds for this species germinated at high percentages (> 75%) in all 
salinity treatments and there were no differences found among treatments (P > 0.05; Figure 2.5B 
and 2.8). Germination of Leoncita false-foxglove differed (P < 0.001) among incubation salinity 
treatments, but stratification salinity treatments had no effect (P = 0.14; Table 2.2). Germination 
was the lowest observed among the 3 species (< 45%) and increasing salinities during incubation 
reduced germination percentages (Figure 2.5C and 2.9). Germination in this species was 10% or 
less when incubation salinity was 5 g/L NaCl and 0% at all incubation salinities of 10 g/L NaCl 
(Figure 2.5C).  
Table 2.2. Results of ANOVAs showing the effects of incubation salinity treatments (S), 
stratification salinity treatments (CS + S), and the interactions among these two (S * CS+ S) on 
germination of Pecos sunflower, Wright’s marsh thistle, and Leoncita false-foxglove. 
 Pecos sunflower Wright’s marsh thistle Leoncita false-foxlgove 
 DF F value P DF F value P DF F value P 
S 4 14.98 <0.001 2 1.03 0.36 4 1.67 <0.001 
CS + S 4 18.39 <0.001 4 1.17 0.33 4 85.24 0.14 
S * CS + S 16 1.95 0.03 8 0.94 0.49 16 1.33 0.21 




Figure 2.5. Seed germination percentages of Pecos sunflower (A), Wright’s marsh thistle (B), 
and Leoncita false-foxglove (C) under different incubation salinity treatments and partitioned by 
stratification salinity treatment (CS + g/L NaCl). Bars within stratification salinity treatments 
with dissimilar letters are different (Tukey’s HSD, P < 0.05). No differences were found between 
and among treatments for Wright’s marsh thistle (P > 0.05). 
For Pecos sunflower, seed germination differed (P < 0.05) among stratification salinity 
treatments, with lowest germination percentages at 10 g/L NaCl (Figure 2.6). Seed germination 
also differed (P < 0.05) across incubation salinity treatments, with lowest germination 
percentages at 7.5 and 10 g/L NaCl (Figure 2.7). Overall, germination percentages were lowest 
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(62.2 ± 2.9%) at 10 g/L NaCl stratification salinity combined with 10 g/L NaCl incubation 
salinity. 
 
Figure 2.6. Effects of stratification salinity treatments given incubation salinity treatments on the 
germination percentages of Pecos sunflower (Helianthus paradoxus). Groups with dissimilar 
letters are significantly different (Tukey’s HSD, P < 0.05). In each boxplot, middle line indicates 
the median, top and bottom lines of the box indicate the upper and lower interquartile range, 
whiskers indicate the max and min values, and dark dots indicate outliers. 
 
Figure 2.7. Effects of incubation salinity treatments given stratification salinity treatments on the 
germination percentages of Pecos sunflower (Helianthus paradoxus). Groups with dissimilar 
letters are different (Tukey’s HSD, P < 0.05). In each boxplot, middle line indicates the median, 
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top and bottom lines of the box indicate the upper and lower interquartile range, whiskers 
indicate the max and min values, and dark dots indicate outliers. 
 
 
Figure 2.8. Effects of incubation salinity treatments given stratification salinity treatments on the 
germination percentages of Wright’s marsh thistle (Cirsium wrightii). Groups with dissimilar 
letters are different (Tukey’s HSD, P < 0.05). In each boxplot, middle line indicates the median, 
top and bottom lines of the box indicate the upper and lower interquartile range, whiskers 
indicate the max and min values, and dark dots indicate outliers. 
Cumulative germination for Leoncita false-foxglove decreased across increasing salinity 
treatments (Figure 2.9). Germination percentages were greatest at 0 g/L NaCl (24 to 42%), 
followed by 2.5 g/L (16 to 25%), and then no differences (P > 0.05) were found between 5, 7.5 




Figure 2.9. Effects of incubation salinity treatments given stratification salinity treatments on the 
germination percentages of Leoncita false-foxglove (Agalinis calycina). Groups with dissimilar 
letters are different (Tukey’s HSD, P < 0.05). In each boxplot, middle line indicates the median, 
top and bottom lines of the box indicate the upper and lower interquartile range, whiskers 
indicate the max and min values, and dark dots indicate outliers. 
2.4. Discussion 
The results of this study indicate that germination of these rare halophytes co-occurring 
in spring-fed arid wetlands respond differently to salinity conditions during the period of seed 
dormancy and germination. My hypothesis that salinity during stratification would not affect 
seed germination on the three species, but exposure to salinities during incubation would reduce 
cumulative germination was true for Leoncita false-foxglove, but not for the other two species. 
While the tested range of salinities had no effect on the germination of Wright’s marsh thistle, 
higher salinities during stratification and incubation reduced germination percentages of Pecos 
sunflower. For Leoncita false-foxglove, salinity treatments during stratification had no effect on 
germination percentages, but increasing salinities during incubation had the greatest negative 
effect in this species, to the point that no germination occurred at 10 g/L NaCl. Differentiating 
between germination requirements and responses to salinity among species, helps explain factors 
driving their distribution and abundance. Furthermore, it facilitates prediction of the potential 
impacts of human-induced salinization on these rare plants.   
Pecos sunflower and Leoncita false-foxglove exhibited physiological dormancy. The 
presence of physiological dormancy is not surprising in annual plants within arid regions, as 
these species rely on recruitment from seed and it is a strategy to overcome unfavorable 
conditions (Gul et al. 2013), such as in this case, freezing winter temperatures. It is also common 
for sympatric species to differ in dormancy break requirements, as it is a trait driven by 
ecological and evolutionary coercions (Flowers and Colmer 2015). Ultimately, dormancy is a 
strategy to delay seed germination until conditions are favorable for seedling establishment 
(Baskin and Baskin 2014). In this sense, salinity can be a regulating factor of dormancy break 
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and germination in many halophytes (Ungar 1978). Salinity during cold stratification had no 
effect on Wright’s marsh thistle and dormancy break of Leoncita false-foxglove, but it did 
reduce germination in Pecos sunflower. Exposure to high salinity or chronic exposure to lower 
salinities can prevent dormancy break or cause seeds to re-enter dormant status (Baskin and 
Baskin 2014). This characteristic poses a challenge to rare plant restoration as the specific 
dormancy break and germination requirements are necessary to facilitate recovery of rare plant 
populations. 
 The results of  experiments for Pecos sunflower demonstrate that 12 weeks of cold (4 °C) 
stratification effectively break dormancy, as seeds germinated to high percentages (> 70%) at 
alternating 24/10 °C, even under varying salinity regimes. Our results differed from van Auken 
(2001) in that we stratified seeds compared to the dry storage techniques used in his study. While 
we attained cumulative germination above 70% in all treatments, van Auken (2001) only had 
cumulative germination of 70% and lower at incubation conditions of 25 °C with 12-12h light 
and dark following dry storage. The lower cumulative germination percentages following dry 
storage may be a result of adaptations to common environmental conditions and seed 
characteristics. Under natural conditions, seeds of Pecos sunflower are exposed to low winter 
temperatures (< 5 °C), but also to higher moisture conditions due to winter precipitation, high 
water tables, and often flooding. While low temperatures are often an important treatment for 
seeds to break non-deep physiological dormancy, moisture is also usually required to imbibe the 
seed coat (Baskin and Baskin 2014). Furthermore, it has been noted that dry storage can cause 
seeds of many species to re-enter dormancy (Baskin and Baskin 2014). Thus, the warmer drier 
conditions in van Auken (2001) may have limited germination relative to our cold stratification 
treatments. 
Increasing salinity during stratification negatively affected cumulative germination of 
Pecos sunflower. Seeds of Pecos sunflower germinated under all stratification salinity treatments 
to high percentages, but the highest salinity values tested (7.5 and 10 g/L NaCl) reduced (p < 
0.05) germination, suggesting an effect on either dormancy break or seed viability. Reduced 
germination percentages after and/or during exposure to salinity is common among most wetland 
halophytes of arid regions (Gul et al. 2013, Ungar 1978). Nevertheless, germination percentages 
were still high for this species, regardless of salinity treatments tested, which may contribute to it 
being the most widespread and abundant of the three species at Bitter Lake NWR. 
Wright’s marsh thistle had high germination percentages across all treatments with and 
without cold stratification. Seeds without cold stratification treatment reached high germination 
percentages (> 70%) after 2 weeks in the incubator at 24°C/10 °C with 12/12hr light/dark 
thermoperiod. These high cumulative germination percentages suggests that seeds of Wright’s 
marsh thistle are non-dormant at dispersal. We are unaware of reports of non-dormant seeds in 
other Cirsium species. For example, C. arvense (Kumar and Irvine 1971), C. pitcher (Hamze and 
Jolls 2000), and C. canescens (Lamp and McCarty 1981) have dormant seeds at dispersal and 
require stratification treatments to break dormancy and germinate. Non-dormant seeds may allow 
Wright’s marsh thistle to germinate and establish quicker if conditions are favorable and be more 
competitive, particularly following disturbance events (Van der Valk 1981), as it mostly co-
occurs with perennial and vegetatively reproducing species (e.g., Three-square bulrush, 
Schoenoplectus americanus) that create dense patches and dominate the areas where they occur. 
It is also noteworthy that I observed seed predation by tephritid (Tephritidae) fruit fly larvae 
(also known as peacock flies) that led to a reduced sample size for this species. Presumably, flies 
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ovoposited in Wright’s marsh thistle seed heads after blooming and during seed development. 
Most predated seed heads were observed empty of seeds and often with pupas. This is an 
important factor to consider for future experiments, as well as a potential threat to species 
abundance. 
In contrast to Pecos sunflower and Wright’s marsh thistle, Leoncita false foxglove had 
low germination (< 50 %) regardless of salinity regime. This species is also the most restricted in 
distribution and abundance at the refuge. These germination percentages are low compared to 
other Agalinis species, such as A. auriculata, where up to 92% germination was found after 12 
weeks of cold stratification and incubated at alternating 15/6 °C (Baskin et al. 1991) and up to 
100% germination in A. fasciculate following up to 12 weeks of cold stratification and incubated 
at alternating 20/10 °C (Baskin et al. 1998). The causes of low germination percentages are 
unknown. However, it is likely not a matter of cold stratification time, as preliminary trials (not 
reported here) included 8, 10, 14, 15, and 20 weeks of cold stratification and germination 
percentages were below 10% in all cases. It is possible that a different set of incubation 
conditions may be needed to reach higher cumulative germination, and/or that seeds have low 
viability and the cumulative germination attained here represents the number of viable seeds. 
Environmental stressors, such as high soil salinity may affect plant reproduction and seed 
viability. Salinity can impose ion toxicity, nutrient deficiency, osmotic and oxidative stress in 
plants with impacts to their reproductive development (Shrivastava and Kumar 2015). Although 
Leoncita false-foxglove is well adapted to high soil salinities during the growing season (Chapter 
3), the lack of precipitation during the summer of 2019 and 2020 could have contributed to low 
soil moisture and soil salinity levels that exceeded the species tolerance, affecting reproduction 
and resulting in a reduction of viable seeds. Nonetheless, further experiments are needed to 
determine the causes of low germination percentages for this species.   
Experimental tests indicated that increasing salinities during cold stratification had no 
significant effect on dormancy break of Leoncita false-foxglove, but exposure to salinity during 
incubation had a significant negative effect on germination. Results indicate that salinity 
conditions greater than 2.5 g/L NaCl (or soil electrical conductivity greater than 5 deciSiemens 
per meter) in the early spring could have significant negative effects in the seed germination of 
Leoncita false-foxglove, and thus affect its establishment and abundance. This response to 
salinity is also consistent with other wetland halophytes that require low salinities for 
germination, such as pickleweed (Salicornia bigelovii; Rivers and Weber 1971), seepweed 
(Suaeda depressa; Ungar 1962), and iodine bush (Allenrolfea occidentalis; Gul and weber 1999), 
all of which also occur at Bitter Lake NWR. 
The results of this research provide baseline information to help with restoration efforts for these 
rare plants in naturally occurring populations. As previously mentioned, the tested range of 
salinities exceeded those observed in the field during 2019 and 2020. However, one 
characteristic of arid wetlands is the high variability in abiotic conditions (e.g., soil moisture and 
salinity) between and among years, driven by broader factors like climate and land use (Jolly et 
al. 2008). Moreover, groundwater-dependent ecosystems are globally threatened due to 
groundwater declines and increasing water uncertainty associated with human activities and 
climate change (Chambers et al. 2013, Abbot et al. 2019, King et al. 2021). Importantly, these 
water issues are closely related to secondary salinization processes in arid ecosystems (Rozema 
and Flowers 2008). These factors can potentially affect the abiotic conditions needed to support 
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germination of the three rare plants, and thus impact their populations. In this context, our results 
provide important information about the conditions needed to sustain early establishment of 
these rare plants and understand how changes in the environment can affect them. Changes in 
soil salinity regimes are influenced by precipitation, surface flooding, and groundwater inputs, 
all of which can be affected by anthropogenic activities outside the borders of these wetlands 
(Hayashi and Rosenberry 2002, Jolly et al. 2008). Finally, our results inform about specific 
stages in the life cycle of these three rare plants. Conditions necessary for dormancy break and 
germination, however, may not translate to conditions needed at subsequent stages, and thus 
information on the responses to abiotic conditions at later phases may further guide their 
management and restoration.  
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CHAPTER 3. RARE PLANT COMMUNITIES RELATIONSHIPS TO ABIOTIC 
FACTORS IN MANAGED SPRING-FED ARID WETLANDS 
3.1. Introduction 
In arid and semi-arid regions, groundwater-dependent wetlands support high biological 
productivity and are hotspots for endemism and distribution of rare species, making them areas 
of high conservation value (Cavieres et al. 2002, Minckely et al. 2012). Spring-fed wetlands are 
largely supported by the interactions between groundwater discharge and the geomorphological 
and climatic features of the setting (Brinson 1993, Patten et al. 2007). These relationships create 
gradients of edaphic conditions, particularly soil moisture and salinity that influence the 
distribution and diversity of vegetation communities, including rare species restricted to specific 
settings (Noe and Zedler 2001, Simkin et al. 2021). Salinity is frequently a driving factor of 
vegetation composition and structure, as species tolerances to salinity greatly vary (Adam 1990, 
Chenchouni 2017). Salts can impede the ability of roots to take up water (osmotic inhibition), 
affect plant nutrition, soil structure, and microorganism diversity (Daliakopoulous et al. 2016). 
Salinization is a common process found in wetlands of arid/semi-arid regions, and especially in 
groundwater-driven systems (Jolly et al. 2008). Nonetheless, the salinity regime in wetlands 
under unmodified conditions may vary spatially and temporally depending on factors like 
evaporative conditions, topography, precipitation, hydroperiod, and groundwater and surface 
water ion concentrations (Jolly et al. 2008, Northey et al. 2006). Additionally, manipulations of 
the hydrological regime (e.g., wetland management, reduced groundwater and surface water 
inputs) may also play an important role in soil salinity and moisture variability (Fowler et al. 
2014, Jolly et al. 2008).  
Salts may accumulate in the soil surface through many processes, including 
evapotranspiration exceeding precipitation rates, the wicking of shallow saline groundwater to 
the surface, and the lack of leaching events (Fowler et al 2014, Northey et al. 2006). However, 
groundwater can be a major contributor of salinity to wetlands (Jolly et al. 2008). Spring water 
may be naturally rich in ion concentrations (e.g., sulfate and chloride), accumulating these salts 
as it passes through underlying mineral bedrock (i.e. rock weathering) during its upward flow, 
thus discharge water can be brackish to saline (Partey et al. 2008). Wetland management 
practices that aim to sustain wildlife habitats by manipulating the hydrological regime through 
infrastructure (e.g., levees and water control structures) can also influence soil salinity and soil 
moisture in different ways depending on the geomorphic setting. Surface flooding can enhance 
the flushing of salts from the system or leaching through the soil profile while providing high 
soil moisture in areas where the groundwater table is deep enough and soil characteristics 
facilitate these leaching processes (Fowler et al. 2014). Yet, in spring-fed wetlands, flooding 
and/or springs may also influence high groundwater tables and promote salt accumulation 
through capillary action (Jolly et al. 2008, Northey et al. 2006). Moreover, prolonged inundation 
can rapidly cause the accumulation of salts due to evaporation (Daliakopoulous et al. 2016), 
particularly if inflows (e.g., spring flows) are ion-rich. These processes result in spatiotemporal 
regimes of soil moisture and salinity that affect vegetation communities, as soil moisture and 
salinity affect plants differently at different life stages and are key drivers of plant establishment 
and abundance (Adam 1990).  
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Wetland management could be implemented to provide abiotic conditions to benefit rare 
plant communities. To do so, adequate information would need to be known about species life 
traits (e.g., germination requirements, salinity tolerances), abiotic conditions of the wetland, their 
temporal and spatial variability, and an understanding of how specific wetland management 
practices influence these conditions (van der Valk 1981, Euliss et al. 2008). Moist-soil 
management, a common wetland management practice that uses levees and water control 
structures to manipulate abiotic processes to facilitate establishment of desirable plants for 
waterbirds (Fredrickson and Taylor 1982), has potential for arid plant restoration. The success of 
this technique in waterbird management is rooted in encouraging abiotic processes to meet 
germination and establishment requirements of targeted wetland plants. It could be particularly 
important within hydrologically-altered landscapes and/or landscapes with increasing uncertainty 
of water availability, two circumstances commonly facing groundwater-dependent ecosystems in 
arid and semi-arid regions (Chambers et al. 2013, Downward et al. 2014, King et al. 2021). 
In this study, I examine how abiotic conditions influence vegetation communities of 
spring-fed arid wetlands in Bitter Lake National Wildlife Refuge (hereafter Bitter Lake NWR), 
New Mexico that are subject to moist-soil management. A particular focus is employed on three 
poorly known rare plants: the annual Pecos sunflower (Helianthus paradoxus, federally 
Threatened), the biennial Wright’s marsh thistle (Cirsium wrightii, officially proposed for listing 
as Threatened), and the annual Leoncita false-foxglove (Agalinis calycina, federal Species of 
Concern). Wright’s marsh thistle and Leoncita false-foxglove are thought to only occur in 
permanently saturated and high salinity soils (Sivinski 2011, 2012). Previous studies argue that 
Pecos sunflower will grow best in low soil moisture and low soil salinities (Bush 2006a, Bush 
2006b), but it can also tolerate high soil salinities (Bush and Van Auken 2004, Grunstra and van 
Auken 2007). Yet, the three species may occur next to each other at Bitter Lake NWR (Sivinski 
and Tonne 2011). Here, I address three specific research questions: 1) How does soil moisture 
and salinity vary spatially and temporally in managed habitats of Bitter Lake NWR? 2) How 
does vegetation composition and cover relate to variability in soil moisture and salinity? And (3) 
how does presence and abundance of rare plants relate to variability in soil moisture and salinity? 
In an accompanying study (Chapter 2), I determined that the germination of the three rare species 
is greatest at lower salinities. Thus, I anticipate that wetland management practices and 
groundwater hydrology will influence gradients of soil moisture and salinity conditions, and the 
presence and abundance of the three rare plants will be associated to areas of low soil salinities 
and high soil moisture, particularly when these conditions are present in the spring season as it 
enhances their early establishment. Finally, I discuss the implications of this study to moist-soil 
management in spring-fed arid systems for the conservation and restoration of rare plant 
communities. 
3.2. Methods 
3.2.1. Study Area 
Bitter Lake NWR is in the lower Pecos Valley of southeastern New Mexico, about 12 
kilometers east of Roswell in Chavez County. The refuge has 9,930 hectares divided into three 
different tracts. This study was conducted in the middle tract (4,564 ha), which includes most 
wetlands and management units (Figure 3.1). Management units sum to approximately 490 ha, 
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are bounded by levees, equipped with water control structures, and have been managed as moist-
soil units since 1994 (USFWS 1998).  
The refuge is over an area of karst topography and natural groundwater discharge that 
originates from the Roswell Artesian Basin, which manifests as numerous sinkholes, seeps, 
springs and associated wetlands (Land and Huff 2010). Subsurface layers of gypsum (CaSO4) 
and halite (NaCl) in this basin enrich groundwater discharge with ion concentrations, ranging 
from 1,830 to 6,811 mg/L total dissolved solids (TDS) in springs and 38,446 to 86,976 mg/L 
TDS in sinkholes (Land and Huff 2010, Partey et al. 2011). The hydrogeology of this region in 
combination with the overlying mixed features of the Chihuahuan Desert and the Southern Great 
Plains, shape a system of desert uplands and wetland habitats that sustain one of the most unique 
and biodiverse places in the southwestern United States. However, as in most systems within arid 
landscapes, this aquifer has also been a key driver of regional anthropogenic development, 
supporting water resources for the city of Roswell, other urban areas and industry, but mainly 
agriculture (Barroll and Shomaker 2003). Thus, Bitter Lake NWR plays a crucial role in the 
protection of wetland habitats within the region and the desert southwest. Wetland habitats are 
primarily supported by spring flows, while outflows of the systems primarily occur via 
evapotranspiration and surface runoff to the Pecos River. The mean annual precipitation is 310 
mm, although highly variable between and among years, while the annual temperature averages 




Figure 3.1. Map of Bitter Lake NWR middle tract and location of field sampling plots. 
Soils are highly influenced by the artesian spring system, the geology of the Roswell 
Artesian Basin, and the historic activity of the Pecos River. Based on USDA-NRCS (2018) field 
indicators, surface soils within marsh habitats adjacent to springs (Figure 3.2) are characterized 
by permanently saturated conditions supporting A4 (hydrogen sulfide) and A7 (mucky mineral) 
hydric indicators dominated by organic matter (Figure 3.2). Moving eastwards from the spring 
influence, soils become more mineral, with gypsiferous loams and gypsiferous sandy loams 
textures with F3 (depleted matrices) indicators within the first meter. Patches of bare ground of 
gypsiferous sandy loams and loamy sands are also common within management units. 
Interspersed layers of high clay and silt content (20-40 cm thick) and layers of silt and sand (15-
35 cm thick) are found within the first meter in the eastern boundary of the management units, 
near historic oxbows, and in the southern boundary of the refuge (i.e. Hunter Marsh unit, Figure 




Figure 3.2. Surface soil profile from management units at Bitter Lake NWR (each sample 
approximately 40 cm long). (A) High organic soils with A4 hydrogen sulfide hydric indicators in 
Unit 5. (B) A7 mucky mineral (with interspersed high clay) hydric indicators in Unit 6. (C) 
Interspersed gypsiferous sandy loams and clay-silt (dark layer) layers with F3 depleted matrices 
indicators in Hunter Marsh. Photos and soil descriptions by Logan Peterson, USDA-NRCS. 
Springs within the management units occur along the western edge of the historic Pecos 
River floodplain, creating zones that hydrologically transition from west to east from permanent 
to seasonal and temporary wet edaphic conditions. Springs support a system of arid spring-fed 
marshes, regionally known as ciénegas (Hendrickson and Minckley 1984). Ciénega habitats are 
dominated by three-square bulrush (Schoenoplectus americanus), saltgrass (Distichlis spicata), 
alkali bulrush (Bolboschoenus maritimus), and cattail (Typha sp.). Wright’s marsh thistle, 
Leoncita false-foxglove, and Pecos sunflower are also found in these ciénega habitats (Figure 
3.3). Wright’s marsh thistle occurs in wetter habitats compared to the other two species, mainly 
associated with three-square bulrush and scratch grass (Muhlenbergia asperifolia; Sivinski 2012, 
personal obs.). Leoncita false-foxglove typically occurs over mucky mineral soils, often 
associated with Pecos sunflower and saltgrass (Sivinski 2011, personal obs.). Pecos sunflower is 
the most widely distributed of the three species, commonly forming large patches throughout all 
units along the ciénega habitat, but more common in seasonally flooded areas (i.e., with no 
permanent saturated conditions in the soil surface).  
To the east, seasonally flooded areas within the management units (Figure 3.3) are 
dominated by saltgrass, alkali sacaton (Sporobolus airoides), pickleweed (Salicornia bigelovii), 
iodine bush (Allenrolfea occidentalis), Pecos sunflower, common reed (Phragmites australis), 
and/or large patches of bare salt flats (e.g., see unit 16 in Figure 3.1). The eastern edge of the 
moist-soil units and the intersections with the Pecos River and associated oxbows have temporal 
to episodic hydroperiods and/or uplands and are dominated by alkali sacaton, fourwing saltbush 
(Atriplex canescens), and honey mesquite (Prosopis glandulosa). Uplands are dominated by 
shrub-grassland vegetation including alkali sacaton (Sporobolus airoides), fourwing saltbush 
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(Atriplex canescens) and honey mesquite (Prosopis glandulosa), classified as Chihuahuan 
Gypsophilous Grassland and Steppe (Donnelly 2008). 
 
Figure 3.3. Representative features of the historic Pecos River floodplain at Bitter Lake NWR. 
Blue dashed line indicates winter groundwater table, orange dashed line indicates summer 
groundwater table. 3.2.2 Field Monitoring 
 To evaluate abiotic conditions, vegetation, and rare plant presence and abundance, 12 
circular (5 m radius) sampling plots were established within 5 different management units of 
Bitter Lake NWR (Figure 3.1, Table 3.1). The locations of sampling plots were determined based 
on the known distribution of the three rare plants, including areas of both known occurrence and 
absence. We randomly established a transect, approximately 70 m long, within three 
management units (Unit 5, 6, and Hunter Marsh) in areas of known areas of occurrence. A 
sampling plot was established at the beginning of each transect, starting in wetter areas (i.e., 
adjacent to springs or ditches; Figure 3.3). Transects were traversed west to east and a plot was 
established at each point following an obvious change in the vegetation community. Each 
transect contained three to four sampling plots (Table 3.1). To evaluate areas of plant absence, 
two additional sampling plots were randomly established in two different management units 
within areas of vegetation communities that did not have the rare plants, but had similar 
dominant species as those where the rare species were present (Table 3.1). Each sampling plot 








Table 3.1. List of study sites. 
Management Unit Plot ID Species Present* Water Level Recorder 
Bitter Creek BC None No 
5 
U5-1 ciwr No 
U5-2 ciwr Yes 
U5-3 ciwr, hepa, agca No 
6 
U6-1 hepa, agca Yes 
U6-2 ciwr, hepa, agca No 
U6-3 ciwr No 
U6-4 ciwr, hepa, agca No 
16 U16 None Yes 
Hunter Marsh 
HM-1 hepa Yes 
HM-2 hepa No 
HM-3 hepa No 
*Species presence based on historic records by Bitter Lake NWR staff. Acronyms: MSM = 
Moist-soil management, ciwr = Cirsium wrightii, Wright’s marsh thistle, hepa = Helianthus 
paradoxus, Pecos sunflower, agca = Agalinis calycina, Leoncita false-foxglove. 
Abiotic Conditions 
Between March – September 2019 and May – September 2020, we conducted weekly 
measurements of groundwater quality, and surface soil moisture and salinity at each sampling 
plot. Groundwater quality (if applicable), including salinity (parts per thousand; ppt), dissolved 
oxygen (DO%), and pH, was monitored using a YSI handheld multi-parameter (YSI Inc., Yellow 
Springs, Ohio). Surface soil moisture, as a measurement of volumetric water content percentage 
(VWC%; i.e. the ratio of volume of water to volume of soil), and surface soil salinity, as a 
measurement of soil electrical conductivity (EC; deciSiemens per meter, dS/m) were measured at 
the soil surface in random spots within each sampling plot using a handheld TEROS 12 soil 
moisture and salinity sensors (METER group Inc., Pullman, Washington). Based on the 
dominating soil textures (e.g. high organic, sandy loams, loams) within monitoring plots, we 
consider soil volumetric water content values above 50% as saturated soil conditions, i.e. all 
pores are filled with water (Datta et al. 2018). Groundwater depth (if applicable) was monitored 
by installing an In-Situ Rugged TROLL 100 water level recorder (In-Situ Inc., Fort Collins, 
Colorado) in 4 wells within different management units (Table 3.1). Each recorder was 
programmed to conduct readings every 6 hours from March 2019 to October 2020. Groundwater 
level data was calibrated by installing one In-Situ Rugged BaroTROLL barometric pressure 
transducer at a midpoint between water level recorders and by conducting monthly manual 
readings at all sampling plots. Manual readings in wells not equipped with a water level 
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transducer were also used to determine if there was variation in groundwater levels among plots 
within a unit.  
Vegetation Communities 
The presence/absence of the three rare plants within sampling plots was recorded weekly 
between May-October of 2019 and June - October of 2020, thus allowing linkages to abiotic 
factors if a species vanished from the plot during this time. To assess vegetation richness, 
coverage, rare plant abundance, and subsequently relate this information to abiotic conditions, 
five permanent 1m x 1m subplots were randomly established in each of the 12 5m-radius 
sampling plots (n = 60). Subplots were established to represent plot-level vegetation structure 
and facilitate estimates of rare plant relative abundance. Subplots were sampled every two weeks 
between July and early October of 2019 and 2020, when plants were grown enough to allow 
accurate identification. Rare plant abundance was originally planned to be monitored throughout 
the spring and summer of 2020, however this was not possible due to COVID-19 pandemic, thus 
no rare plant abundance data is available for the spring season. At each subplot, I identified the 
species of all plants, recorded the number of species present, visually estimated the percentage 
cover per species, and recorded the percentage of bare soil (if applicable). Then, the total 
coverage per species was calculated for each sampling plot by averaging across all five subplots. 
To determine changes (gain/loss) in rare plant abundance per species, the sum of all counted 
individuals within a plot during the last count (October) was subtracted from the sum of 
individuals during the first count (July), then the percentage (%) change was calculated. Finally, 
rare plant relative abundance per plot was calculated by counting species individuals within each 
subplot and then averaging across subplots to obtain the relative abundance for each sampling 
plot.  
3.2.4. Data Analysis 
Data processing and statistics were conducted in program R version 3.6.0 (R Core Team 
2019) and using the “tidyverse” package (Wickham et al. 2019) for data manipulation and 
visualization. To evaluate spatial and temporal variability in soil moisture and salinity within 
managed units, I analyzed and compared soil moisture, salinity, and groundwater salinity by 
sampling plot and partitioned data into spring (March-June) and summer (July-September) 
conditions. Analysis of variance was used to determine if the means and variances in soil 
moisture, soil salinity, and groundwater salinity differed (α = 0.05) among plots and between 
seasons (spring vs summer). If differences (p < 0.05) were observed, a Tukey’s Honestly 
Significance Difference (HSD) test was conducted to determine which plots differ from each 
other. Additionally, groundwater level data was used to determine relationships with variability 
in soil moisture and salinity. 
To assess linkages between soil moisture and salinity to the broader vegetation 
composition and cover, I analyzed relationships between vegetation and plots. First, plant species 
composition by plot (i.e. alpha diversity) was evaluated by determining species richness and 
calculating Simpson’s Diversity Index (SDI) based on the average species vegetation cover 
percentage (across subplots) using the diversity function in the “vegan” package (Oksanen et al. 
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2015). Then, I used non-metric multidimensional scaling (NMDS) to evaluate similarities and 
groupings among sampling plots, plant species and their correlations to soil moisture and salinity 
(Wildi 2010). Ordination plots were performed with the metaMDS function in the “vegan” 
package, using Bray-Curtis distance. The number of dimensions (k) will be selected based on the 
goodness of fit (stress). Following Clarke (1993), a stress value below 0.10 is considered as good 
fit and inference can be made from the model. The goal of ordination is to represent high-
dimensional data in fewer dimensions, thus priority will be given to fewer dimensions as long as 
the stress value represents a good fit (McCune and Grace 2002). I used raw vegetation coverage 
data per subplot (5 subplots per plot, n = 60), however species that were present in less than 5 
subplots were removed to reduce metric stress due to many zero counts. Species were scaled and 
added to the two NMDS axes and soil moisture and salinity variables were fitted as vectors to 
display their relationship to plots and plant species distribution using 999 random permutations 
to test for variable significance. 
The relationships between the three rare plants and variability in soil moisture and 
salinity were evaluated by plotting species presence/absence and abundance in relation to soil 
moisture and soil salinity. No statistical models were fitted, given the characteristics of the data. 
The independent variables, soil moisture and soil salinity, are non-normally distributed and were 
unable to be transformed to follow a normal distribution. Moreover, these variables were 
monitored following a repeated measures framework to account for temporal variability. The 
response variables, rare plant presence and abundance, are zero-inflated given the rareness of the 
species and there is a nonlinear relationship to the independent variables. These data 
characteristics violate model normality and linearity assumptions and hinder inference from 
model results. Thus, here we focus on evaluating the abiotic regimes under which the three rare 
plants were observed. For presence/absence data, raw observations of species presence under the 
given soil moisture and soil salinity conditions were plotted to identify the abiotic conditions 
regimes under which the three rare species were present or absent, allowing the visualization of 
non-linear interactions effects of soil moisture and salinity variability on species 
presence/absence. For abundance data, raw rare plant density observations under the given soil 
moisture and soil salinity conditions were plotted to identify the abiotic conditions under which 
the three rare species were most abundant. These observations were plotted through time 
(months) during the summer (July-October) and partitioned by year (2019 and 2020) to visualize 
relative changes in rare plants individuals (individuals/m2) over the summer months in relation to 
the abiotic conditions.  
3.3. Results 
3.3.1. Spatiotemporal Variability in Soil Moisture and Salinity 
Soil moisture ranged from 2.1 to 100% VWC (Table 3.3). However, the only difference 
among plots was between Hunter Marsh plots (HM-1, HM-2, and HM-3) and the rest of the plots 
(Figure 3.4). Among Hunter Marsh plots, soil moisture in HM-2 differed from HM-1 (p = 0.01) 
and HM-3 (p = 0.03) with slightly higher soil moisture (Table 3.3), while HM-1 and HM-3 did 
not differ (p = 1.00). The remaining nine plots did not differ among each other (p > 0.05). 
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Similarly, seasonal (spring vs summer) soil moisture was only different among plots within 
Hunter Marsh, as soil moisture was lower in the summer (<10% VWC) compared to spring 
(>50% VWC) conditions (Figure 3.4). Consistently, groundwater levels at Hunter Marsh were 
deep in the summer months (>100 cm below ground) compared to the spring season (<100 cm 
below ground; Figure 3.7). In contrast, soil moisture in the remaining nine plots did not differ (p 
> 0.05) between spring and summer, where high soil moisture conditions (>50% VWC) were 
permanent (Figure 3.4), and groundwater levels were permanently shallow (> 60 cm below 
ground; Figure 3.7). Thus, persistent shallow groundwater allowed permanently high soil 
moisture and high organic soils, except in Hunter Marsh plots where groundwater levels were 
deep in the summer (Figure 3.7) and they had higher mineral soil content with depleted matrices 
(Figure 3.2).  
 
Figure 3.4. Spatial and temporal soil moisture variability. Matching letters within a season 
indicate plots that are not statistically different (p > 0.05; Tukey’s HSD test) among each other. 
Differences (p < 0.05) between seasons (spring vs summer) by plot are indicated with a red 
asterisk (*). In each boxplot, middle line indicates the median, top and bottom lines of the box 
indicate the upper and lower interquartile range, whiskers indicate the max and min values, and 
dark dots indicate outliers. 
Groundwater salinity varied from a mean low of 3.5 (± 0.1) ppt to a mean high of 22.5 (± 
2.5) ppt (Table 3.3). Spatially, groundwater salinity was similar (p > 0.05) between BC (mean 
20.3±1.7 ppt) and HM-2 (mean 19.6±2.5 ppt), and among Unit 5 and 6 plots (mean ~4 ppt), the 
remaining 3 plots differed (p < 0.05) between each other, with HM-3 having the highest mean 
salinity (22.57±2.9 ppt; Figure 3.5). Seasonally, only HM-1 differed (p < 0.05) between spring 
and summer with increasing salinity values in the summer (Figure 3.5), likely due to the 
accumulation of salts in the groundwater following leaching events. Salinity had low variation in 





Figure 3.5. Spatial and temporal groundwater salinity variability per plot. Within a season, 
groundwater salinity of plots with matching letters did not differ (p > 0.05; Tukey’s HSD test). 
Within a plot, plots where groundwater salinity differed (p < 0.05) between seasons (spring vs 
summer) are indicated with a red asterisk (*). In each boxplot, middle line indicates the median, 
top and bottom lines of the box indicate the upper and lower interquartile range, whiskers 
indicate the max and min values, and dark dots indicate outliers. 
 Soil salinity varied spatially and temporally. Soil salinity ranged from 0 to 51.3 dS/m 
(Table 3.3). Spatially, soil salinity differed within and among management units (Figure 3.6). 
U6-1, 2, and 4 showed the greatest soil salinity values (> 25 dS/m) and the greatest variance (sd 
> 6), while Hunter Marsh plots showed the lowest values (0 dS/m). Within units, Unit 5 plots 
had the lowest variance (sd ≤ 3 dS/m; Figure 3.6, Table 3.3). Consistently, plots with higher 
salinities and/or low variance (i.e. Unit 5 and 6 plots) had shallow groundwater depths (<60 cm; 
Figure 3.7), suggesting salt accumulation via wicking of brackish shallow groundwater (e.g., U6-
1, 2, and 4) and/or consistent flushing with brackish groundwater (e.g., Unit 5 plots and U6-3). 
Temporally, soil salinity at plots BC, U16, and U5-1 did not differ (p > 0.05) between spring and 
summer, while the remaining nine plots differed (p < 0.05) with generally higher soil salinity 
values in the summer compared to spring, except in Hunter Marsh plots (Figure 3.3). Similar to 
soil moisture, soil salinity in Hunter Marsh plots was lower in the summer (< 5 dS/m EC) 
compared to spring (> 5 dS/m EC; Figure 3.3). The presence of loams and sand layers within the 
first meter at Hunter Marsh plots may have limit capillarity, contributing to low soil salinity at 




Figure 3.6. Spatial and temporal soil salinity variability per plot. Matching letters within a season 
indicate plots that did not differ statistically (p > 0.05; Tukey’s HSD test) among each other. 
Differences (p < 0.05) between seasons (spring vs summer) per plot are indicated with a red 
asterisk (*). In each boxplot, middle line indicates the median, top and bottom lines of the box 
indicate the upper and lower interquartile range, whiskers indicate the max and min values, and 
dark dots indicate outliers. 
 Groundwater levels showed low variation (<10 cm) among plots within a unit, thus 
transducer data is used to represent water levels at the unit scale (Figure 3.7). No hydrograph is 
presented for BC plot (this plot was not equipped with water level transducer). Winter flooding 
associated with moist-soil management was clearly visible in Hunter Marsh plots (Figure 3.7). 
While moist-soil management was also implemented in units 5, 6, and 16, only lower portions 
within these units were shallowly (10-40 cm) flooded during the winter (e.g., see “seasonally 
flooded areas” in Figure 3.3). Therefore, groundwater levels within plots were at or near the 
surface during the winter as these areas are positioned in topographically higher areas compared 
with seasonally flooded areas (Figure 3.3). Groundwater levels increased 1 to 4 cm above the 
surface during the spring of 2019 in unit 5 and during the 2019-2020 winter in unit 6 (Figure 
3.5), these events may have enhanced the flushing of salts with less salty groundwater and 




Figure 3.7. Hydrograph of groundwater levels from March 2019 to July 2020 from water level 
recorders. Each colored line represents groundwater levels for the indicated management unit. 
The dashed horizontal black line represents ground surface. The timing of wetland management 
practices, specifically winter flooding and spring drawdown, are noted. Missing data for HM-1 
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26.4 ±28.5 2.1 100 3.8 ±5.2 0 14.66 7.1 22.57±2.9 0.42 0.7 
Acronyms: S = richness, SDI = Simpson’s Diversity Index, VWC = volumetric water content, EC = electrical conductivity, SD = 
standard deviation, ppt = parts per thousand, DO = dissolved oxygen. Rare species presence: aPecos sunflower, bWright’s marsh 
thistle, cLeoncita false-foxlgove. *Soil texture indicate dominant material at the surface soil (40cm); high organic = ≥ 15% organic 
matter, mucky mineral = 5-15% organic matter interspersed clay and/or silt. 
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Table 3.4. Summary statistics of seasonal abiotic conditions per plot. 
Season Plot 
Soil Moisture (VWC %) Soil Salinity (EC dS/m) 
Groundwater quality 
Salinity (ppt) DO (%) pH 
mean sd min max mean sd min max mean sd mean sd mean sd 
Spring 
BC 60.77 2.54 58.6 64.1 7.34 2.41 5.54 10.54 20.78 1.23 0.47 0.28 7.2 0.11 
U5-1b 62.51 7.14 57.4 90.1 6.92 0.73 5.68 8.34 4.26 0.78 0.3 0.43 7.25 0.23 
U5-2ab 64.30 5.93 59.9 86.9 7.4 1.67 5.3 11.34 3.59 0.1 0.17 0.12 7.37 0.27 
U5-3ab 64.18 4.33 58.5 79.2 7.73 2.6 4.25 15.2 3.62 0.18 0.58 1.03 7.41 0.3 
U6-1ac 63.68 1.25 60.9 66.2 10.39 4.15 4.67 20.33 4.08 0.17 0.19 0.11 7.13 0.12 
U6-2abc 63.69 1.8 59.8 67.5 10.4 4.02 3.85 20.91 4.03 0.11 0.16 0.13 7.32 0.12 
U6-3ab 60.18 1.65 57.8 62.3 4.9 1.35 2.76 8.15 4.03 0.09 0.13 0.13 7.28 0.19 
U6-4ac 62.80 3.31 54.9 67.1 8.49 3.35 4.14 14.42 4.12 0.14 0.19 0.22 7.44 0.21 
U16a 64.80 0.61 64.1 65.5 12.92 3.46 9.09 17.06 14.23 0.38 0.33 0.22 7.16 0.08 
HM-1a 48.86 19.4 16.2 71 4.3 3.07 0.94 14.01 13.37 4.15 0.55 0.63 7.27 0.2 
HM-2a 56.72 16.02 5.2 66.8 9.09 4.82 0.53 16.96 19.37 2.21 1.09 2.22 7.19 0.18 
HM-3a 52.40 25.39 6.5 102.5 8.37 5.1 0.66 14.66 22.94 3.08 0.29 0.33 7.13 0.15 
Summer 
BC 64.34 4.2 56.3 69.9 10.04 4.09 4.91 19.47 20.14 1.94 0.6 0.78 6.99 0.16 
U5-1b 61.41 1.81 58.4 64.1 5.89 1.14 3.93 7.82 4.33 0.48 0.23 0.31 7.02 0.23 
U5-2ab 65.43 2.31 62 70.9 12.3 3.06 7.45 17.51 3.41 0.1 0.29 0.34 7.29 0.17 
U5-3ab 62.20 13.65 6.1 72 10.69 2.98 3.5 16.48 3.41 0.1 0.3 0.4 7.28 0.21 
U6-1ac 65.63 3.32 57.2 71 18.49 5.93 4.29 29.57 4.07 0.39 0.44 0.57 6.94 0.16 
U6-2abc 66.97 2.84 62.3 71.9 21.88 8.03 12.49 51.3 3.86 0.12 0.38 0.41 7.28 0.13 
U6-3ab 63.37 2 60.9 68.1 8.2 2.86 4.84 17.56 3.86 0.13 0.35 0.35 7.18 0.12 
U6-4ac 66.11 3.17 57.8 73.4 16.56 5.29 5.5 27.8 4.01 0.51 0.32 0.39 7.28 0.13 
U16a 65.63 2.51 62.4 70.9 15.1 3.88 9.93 23.5 12.09 1.12 0.56 0.64 7.02 0.19 
HM-1a 8.35 6.21 4.2 29.7 0.27 0.53 0 2.22 17.27 5.17 0.43 0.53 6.97 0.12 
HM-2a 14.28 15.82 3.2 58.3 1 1.57 0.01 5 19.83 2.76 0.37 0.74 6.98 0.1 
HM-3a 6.34 4.46 2.1 21.1 0.28 0.44 0 1.56 22.04 2.56 0.52 0.89 7.06 0.1 
Rare species presence: aPecos sunflower, bWright’s marsh thistle, cLeoncita false-foxlgove. 
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Table 3.5. Species presence and total average coverage percentage by plot. 
Species BC U5-1 U5-2 U5-3 U6-1 U6-2 U6-3 U6-4 U16 HM-1 HM-2 HM-3 
Agalinis calycina 0 0 0 0 2.75 12 0 31 0 0 0 0 
Atriplex argentea 0 0 0 0 0 0 0 0 20.83 2.37 2.85 10.57 
Bolboschoenus maritimus 0 0 0 0 10.11 3.43 0 0 0 0 0 0 
Cirsium wrightii 0 1 12.94 9.17 0 1.4 8.28 0 0 0 0 0 
Cressa truxillensis 0 0 0 0 0 0 0 0 0 6.9 15.11 42.88 
Distichlis spicata  100 0 0 6.67 20.79 14 27.21 14.17 92.83 77.71 63.44 61.46 
Eleocharis rostellata 0 0 29.13 20.83 0 0 0 0 0 0 0 0 
Eustoma exaltatum 0 0 0 0 0 3.13 0 1 0 0 0 0 
Fimbristylis spadicea 0 0 0 17.09 0 0 0 0 0 0 0 0 
Helianthus paradoxus 0 0 1 1 33.68 32.87 13.7 33.13 8.5 34.79 15.38 10.17 
Muhlenbergia asperifolia 0 19.27 43.36 19.13 41.94 32.87 0 52.54 0 0 0 0 
Phragmites australis 0 0 0 4.29 2.8 1 0 0 0 0 0 0 
Salicornia bigelovii 0 0 0 0 0 0 0 0 0 0 30.89 1 
Schoenoplectus americanus 0 83.81 52.4 2.45 3.14 44.58 86.25 4.75 8.5 0 0 0 
Sporobolus airoides 0 0 0 71.04 0 0 0 0 0 0 0 0 
Suaeda sp. 0 0 0 0 11.9 2.86 0 8.24 8.9 8 8.21 7.10 
Symphyotrichum ericoides 0 0 21.44 12.19 5.07 26.65 0 10.96 0 1 0 0 
Triglochin maritima 0 0 0 14.39 0 0 0 0 0 0 0 0 
Typha sp. 0 0 0 0 6.67 0 0 0 0 0 0 0 
 
Table 3.6. Relative abundance (individuals/m2) of rare plants per plot. 
Species BC U5-1 U5-2 U5-3 U6-1 U6-2 U6-3 U6-4 U16 HM-1 HM-2 HM-3 
Pecos sunflower 0.00 0.00 0.05 0.05 58.09 73.48 4.86 71.73 0.68 55.14 12.73 4.00 
Wright's marsh thistle 0.00 0.38 8.14 3.05 0.00 0.29 4.45 0.00 0.00 0.00 0.00 0.00 
Leoncita false-foxglove 0.00 0.00 0.00 0.00 0.68 8.10 0.00 14.64 0.00 0.00 0.00 0.00 
Bold numbers indicate highest abundance for each species. Values average across subplots for both years of study (2019 and 2020).
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3.3.2. Vegetation Composition 
In total, 19 species of plants were recorded among all plots (Table 3.4). U5-3 and U6-2 
were the plots with greatest species richness (11 species), while BC was the plot with lowest 
richness with one species (saltgrass, Distichlis spicata; Table 3.4). The highest diversity was 
found in U6-2 (SDI = 0.83), followed by U6-1 (SDI = 0.81), U5-3 (SDI = 0.79), and U6-4 (SDI 
= 0.78), while BC had the lowest diversity index (SDI = 0; Table 3.3).   
The NMDS ordination effectively represented species composition in a 2-dimensional 
space (stress = 0.10), while a third dimension slightly reduced the stress value (stress = 0.06), 
adding a third axis (dimension) does not improve the representation of the data, thus 2-
dimensions was chosen (Figure 3.8). Soil moisture (VWC) was related to species distribution (R2 
= 0.37, p = 0.001), positively associated with Wright’s marsh thistle, beaked spikerush 
(Eleocharis rostellata), and three-square bulrush (Schoenoplectus americanus) in Unit 5 and U6-
3 plots, while pickleweed (Salicornia bigelovii), seepweed (Suaeda sp.), and alkaliweed (Cressa 
truxillensis) occurred in the opposite direction grouped with Hunter Marsh plots and U16 (Figure 
3.8). Soil salinity was poorly correlated (R2 = 0.07, p = 0.12) to plots, however the ordination 
showed Leoncita false-foxglove, White heath aster (Symphyothricum ericoides), alkali sacaton 
(Sporobolus airoides), and alkali muhly (Muhlenbergia asperifolia) occurring at higher salinity 
grouped with Unit 6 plots and U5-3 (i.e. mucky mineral soils plots; Figure 3.8). Saltgrass is 
plotted in the opposite direction as soil moisture and salinity, associated to BC, and U16 plots 
(Figure 3.8). Pecos sunflower coverage was best associated to Unit 6-1, 2, 4, and Hunter Marsh 
plots, and in an opposite direction to high soil moisture gradients.  
 
Figure 3.8. Non-metric multidimensional scaling (NMDS) ordination of standardized vegetation 
coverage data from subplots (points) for each plot (colors) using Curtis-Bray distance. Stress = 
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0.10. Point colors indicate the plot to which each plot belonged. Species codes: agca = Agalinis 
calycina, ciwr = Cirsium wrightii, crtr = Cressa truxillensis, disp = Distichlis spicata, elro = 
Eleocharis rostellata, hepa = Helianthus paradoxus, muas = Muhlenbergia asperifolia, sabi = 
Salicornia bigelovii, scam = Schoenoplectus americanus, spai = Sporobolus airoides, suae = 
Suaeda sp., syer = Symphyotrichum ericoides. The three rare plants are highlighted in red text. 
VWC = soil moisture (volumetric water content %), EC = soil salinity (electrical conductivity 
dS/m).  
3.3.3. Rare Plant Relationships to Soil Moisture and Salinity 
 Pecos sunflower was present in 10 out of 12 plots (all except U5-1 and BC), while 
Wright’s marsh thistle and Leoncita false-foxglove were found in 5 (Unit 5 plots, U6-2, and U6-
3) and 3 (U6-1, 2, and 4) plots, respectively (Table 3.5, 3.6). The latter was only recorded in 
subplots during the first year of study (2019). There were no observations of a rare plant species 
vanishing from a plot during each year once recorded as present, although there were certainly 
changes in number of individuals within subplots (Figure 3.10, 3.12, 3.14). The greatest loss in 
species individuals was observed for Leoncita false-foxglove with a decrease in 153 individuals 
(initial count = 191, final count = 38 individuals; -80% change) within U6-4 plot during 2019 
(Table 3.7). Yet, some species showed an increase in individuals from the first count (July) to the 
last count (October). Pecos sunflower had a gain of 108 individuals (initial count = 416, final 
count = 524 individuals; 26% change) in plot U6-2, and a gain of 73 individuals (initial count = 
311, final count = 384 individuals; 23% change) in plot U6-1 (Table 3.7). Gains in individuals 
were only observed in plots within unit 6 (Table 3.7). All plots where the species occurred 
matched in that soil moisture was high (>40 % VWC) and soil salinity had low values (≤ 5 dS/m 
EC; except for U16) during the spring season (Table 3.4). On average, Pecos sunflower was most 
abundant in U6-2 (73.48 ± 6.9 ind/m2), while Wright’s marsh thistle was most abundant in U5-2 














Table 3.7. Within season change in rare plant individuals per plot for 2019 and 2020. 
Species Year Plot Initial count Final count Difference % Change 
Pecos sunflower 
2019 HM-1 233 138 -95 -41 
2020 HM-1 281 151 -130 -46 
2019 HM-2 41 35 -6 -15 
2020 HM-2 78 55 -23 -29 
2019 HM-3 9 7 -2 -22 
2020 HM-3 13 11 -2 -15 
2020 U16 1 1 0 0 
2019 U6-1 111 98 -13 -12 
2020 U6-1 311 384 73 23 
2019 U6-2 112 130 18 16 
2020 U6-2 416 524 108 26 
2020 U6-3 14 16 2 14 
2019 U6-4 210 225 15 7 
2020 U6-4 351 355 4 1 
Wright's marsh thistle 
2019 U5-1 1 1 0 0 
2019 U5-2 52 33 -19 -37 
2020 U5-2 34 18 -16 -47 
2019 U5-3 14 13 -1 -7 
2020 U5-3 15 8 -7 -47 
2019 U6-2 5 4 -1 -20 
2019 U6-3 13 17 4 31 
2020 U6-3 16 7 -9 -56 
Leoncita false-foxglove 
2019 U6-1 20 4 -16 -80 
2019 U6-2 136 57 -79 -58 
2019 U6-4 191 38 -153 -80 
Plant counts based on across subplots sums. Initial counts conducted in early-mid July. Final 
counts conducted in early October of each year. 
Pecos sunflower was present under most ranges of observed soil moisture and soil 
salinity conditions (Figure 3.9). However, it was most abundant in soil moisture values 
permanently above 50% VWC and salinities ranging from an average 8 dS/m (EC) in the spring 
to >20 dS/m (EC) in the summer, e.g. plot U6-2 (Figure 3.10, Table 3.4). Yet, it was not present 
or scarce in plots which were characterized by permanently high soil moisture (>50% VWC) and 




Figure 3.9. Relationships between Pecos sunflower presence/absence and edaphic conditions. 
 
Figure 3.10. Relationships between Pecos sunflower abundance (ind/m2) and edaphic conditions 
over time. 
Wright’s marsh thistle was virtually not present in plots where soil moisture dropped 
below 45% VWC (e.g., Hunter Marsh plots), while in those plots with permanent high soil 
moisture values it was scarce or not present in plots that showed soil electrical conductivities 
above 20 dS/m (Figure 3.11). This species was most abundant in plots with permanently high 




Figure 3.11. Relationships between Wright’s marsh thistle presence/absence and edaphic 
conditions. 
 
Figure 3.12. Relationships between Wright’s marsh thistle abundance (ind/m2) and edaphic 
conditions over time. 
Similarly, Leoncita false-foxglove was virtually only present in plots with permanently 
high soil moisture (>40% VWC) and salinities that showed low values (<10 dS/m EC) in the 
spring and above 25 dS/m (EC) in the summer (Table 3.5, Figure 3.13, 3.14). This species was 
most abundant in plots with permanently high soil moisture (>50% VWC) and soil salinities 




Figure 3.13. Relationships between Leoncita false-foxglove presence/absence and edaphic 
conditions.  
 
Figure 3.14. Relationships between Leoncita false-foxglove abundance (ind/m2) and edaphic 







 Temporal and spatial variation in soil moisture and salinity within spring-fed arid 
wetlands result from interactions and processes among the hydrologic regime and the 
geomorphological and climatic features of the setting (Brinson 1993, Patten et al. 2007). Yet, 
these processes may be exacerbated by anthropogenic modifications to the hydrologic regime 
(Fowler et al. 2014). Here, the presence and abundance of rare plants in a spring-fed arid system 
responded to spatiotemporal variability in soil moisture and salinity, which was driven by 
complex interactions of wetland management (e.g., seasonal manipulations of water levels), 
groundwater levels, groundwater salinity, geomorphology (e.g., soil characteristics and 
architecture), and climate. While these abiotic conditions vary between and among years, 
understanding the processes that influence soil moisture and salinity variability and the responses 
of rare plants to this variability will inform management and restoration efforts.  
3.4.1. Processes Influencing Soil Moisture and Salinity Variability 
Wetland management practices influenced soil moisture and salinity variability through 
winter flooding and spring drawdown events. These events enhanced the leaching and flushing 
of salts from the system providing low soil salinities in the summer. Low salinities were 
observed when the groundwater table was deep enough (> 1.5m below ground surface) to allow 
leaching and where coarse sediment layers (e.g. sands) were present between the groundwater 
and the soil surface (Fowler et al. 2014). Presumably, these soil characteristics limited upward 
salt movements through capillary action (i.e. Hunter Marsh plots; Northey et al. 2006) The 
Hunter Marsh unit was flooded during the fall to provide wintering habitats for migratory birds, 
and subsequently slowly drawdown from late winter to March to allow germination and 
establishment of vegetation during the spring. Thus, moisture was higher in the spring (>50% 
VWC) and significantly decreased during the summer (<10% VWC) as temperatures increased 
and groundwater dropped (Figure 3.7). Similarly, surface soil salinity ranged from 15 dS/m in 
the spring season to nearly 0 dS/m in the summer in this management unit, while groundwater 
salinity was lower during the spring season and higher in the summer, i.e. salts likely were 
leached through the soil profile and accumulated in the groundwater during the summer. This 
process is consistent with Fowler et al. (2014), who demonstrated that moist-soil management 
(i.e. seasonal flooding and drawdown events) highly influences salinity leaching events from the 
soil surface.  
Yet, salinity is also highly influenced by soil texture (Brinson 1993). As previously 
mentioned (see study area section), soils in Hunter Marsh were higher in mineral content 
compared to Units 5 and 6, and more importantly the surface soil profile in Hunter Marsh 
consisted of interspersed layers of sandy loams, clays, silts, and sands, presumably associated 
with the historic activity of the Pecos River and oxbows. While clays (fine soil particles) have 
high capillarity, layers of sand (coarse particles) limit capillary action and may promote lateral 
flow (Heath 1983). Thus, no accumulation of salts in the soil surface were observed in Hunter 
Marsh plots even when saline groundwater was less than 1 meter deep (Figure 3.7). On the other 
hand, soils with high organic content (i.e. coarse material) have low capillarity, however salts 
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may still accumulate in the soil surface if groundwater is shallow (<50 cm below ground; e.g., 
U5-3 and U6-2). In this sense, geomorphology may play a significant indirect role in soil 
moisture and salinity processes, particularly through soil characteristics and architecture.  
Groundwater levels were key to allow salt removal or to encourage salt accumulation in 
the soil surface. With the exception of Hunter Marsh plots, groundwater levels were shallow (< 
50 cm below ground; Figure 3.7), supporting persistent high soil moisture (> 50% VWC) and 
higher salinity in the summer compared to the spring. Salt accumulation is greatest when 
temperatures are higher, as evapotranspiration rates exceed precipitation in arid/semi-arid 
regions. Thus, salts can move up the soil profile through capillary action and accumulate in the 
soil surface during high evaporative conditions (Jolly et al. 2008, Northey et al. 2006). This is 
likely the process by which salinity values were higher in the summer compared to the spring in 
plots U6-1, 2, 4, U5-3, U16, and BC, but not in U5-1 and U6-3. The latter two plots were located 
near spring flows and were occasionally observed with surface water (1 – 3 cm deep) from rising 
water tables (Figure 3.5), which may have enhanced the flushing of salts with less-salty flows 
(Jolly et al. 2008) and support high organics soils with hydrogen sulfide hydric indicators (Table 
3.3).  
Wetland management practices during this study had no direct effect on soil moisture and 
salinity variability in plots in Units 5, 6, and BC, though there were likely indirect effects. 
Rather, groundwater hydrology governed soil moisture and salinity processes at these plots 
through permanently shallow groundwater levels associated with perennial springs. However, 
wetland management (i.e. surface flooding) can promote hydrological connectivity among 
management units by encouraging shallow groundwater levels in adjacent units. Plot U16 was 
not near spring influence, but groundwater was still shallow (Figure 3.7) supporting high soil 
moisture and salinity. Nevertheless, Unit 15 (not sampled), which is the neighboring 
management unit to the west (see Figure 3.1), was kept inundated throughout the spring and 
summer. It is likely that flooding conditions of Unit 15 promoted shallow groundwater depths in 
U16, and thus, this indirect effect of wetland management could be influencing soil moisture and 
salinity conditions at U16 plot. Similar processes of groundwater connectivity have been widely 
demonstrated at different spatial scales in other regions and are dependent on the local 
geomorphology (particularly on soil texture and structure) and the geometry of groundwater 
flows (Hayashi and Rosenberry 2002, Jolly et al. 2008, Lamontagne et al. 2014). These 
processes also suggests that wetland management decisions must consider larger spatial effects 
of abiotic processes, rather than at the management unit scale. 
3.4.2. Vegetation Composition and Rare Plant Responses to Abiotic Conditions  
Variability in soil moisture and salinity influenced vegetation assemblages and the 
presence and abundance of rare species. This is not surprising for several reasons, including: 1) 
one of the main effects of soil salinity on plants is the limitation of water uptake by osmotic 
effect (Daliakopoulos et al. 2016), thus soil moisture would have a different effect on plants at 
low salinities than at high salinities; 2) Similarly, interactions among soil moisture and salinity 
may affect plant nutrition through nutrient imbalance (e.g., NaCl competition with other ions) 
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and uptake (Hu and Schmidhalter 2005); 3) High soil salinity may have a different effect on 
halophytes at different values of soil moisture, e.g. they may tolerate high soil salinities at high 
soil moistures, but not at low soil moisture conditions (Flowers and Colmer 2015); 4) 
Differences in a plant’s tolerance to either factor may affect competition, e.g., plants that best 
tolerate high salinities and low soil moisture may outcompete other plants; and 5) combinations 
of soil moisture and salinity values can have temporal effects; e.g., soil moisture and salinity 
conditions not favorable during the germination period may result in shifts of plant communities 
(Gul et al. 2013, Noe and Zedler 2000). Accordingly, vegetation communities in this study 
differed based on the soil moisture and salinity conditions associated with wetland management 
and groundwater hydrology processes (Figure 3.8).  
Several authors argue that halophytes require periods of reduced salinities for seed 
germination and plant establishment (Gul et al. 2013, Noe and Zedler 2000, Ungar 1998, 2001). 
Consistently, the highest species richness and diversity in this study were found in plots that had 
lowest salinity values early in the spring season (~5 dS/m EC) and high soil moisture (U6-1, 2, 4 
and U5-3). Importantly, these low salinity conditions in the spring season may be particularly 
necessary for the presence and establishment of the three rare plants. This is supported by the 
fact that none of the three rare plants species vanished from a plot once present during the 
growing season, suggesting strong adaptation to changes in conditions (e.g. spring vs summer). 
Plots where one, two, or the three rare plants were present matched in that soil salinities were 
low and soil moisture was high in the spring season. This is consistent with a previous study that 
determined that germination percentages of the three species are greatest at lower soil salinities 
(Chapter 2). It is also consistent with the findings of Bush (2006a, 2006b) for Pecos sunflower, 
who argues that low soil salinities are most important for growth, and high soil moisture is only 
important in controlling salinity. Thus, soil moisture and salt removal processes promoted by the 
interactions between wetland management (e.g., seasonal flooding) and groundwater hydrology 
(e.g., groundwater level fluctuations) are important for rare plants presence and establishment 
during the spring season.  
Despite a species not vanishing from a plot once recorded as present, changes in the 
number of individuals were observed for all three species within plots. The greatest loss of 
individuals was observed for Leoncita false-foxglove within plots U6-1 and U6-4, with an 80% 
loss in both cases. The greatest loss in individuals for Wright’s marsh thistle was 19 individuals 
(37%) in plot U5-2, and 130 individuals (46% loss) for Pecos sunflower in plot HM-1. This loss 
in individuals occurred along increases in soil salinities during the summer (Figure 3.6), and 
although we cannot infer that salinity is the direct cause of mortality, it may be an important 
factor indirectly affecting plant competition, nutrition, and/or water uptake (Hu and Schmidhalter 
2005, Flowers and Colmer 2015, Daliakopoulos et al. 2016). On the other hand, we observed a 
gain in individuals across all Unit 6 plots for Pecos sunflower, with as much as 108 plants gained 
(26%) in plot U6-2. These gain in number of individuals during the summer months does not 
necessarily indicate germination of new individuals, but rather the growth of already established 
seedlings during this time, as they were often observed emerging from saltgrass and plant litter, 
and particularly later in the growing season (e.g. August-September; Figure 3.10) as plants 
prepared for reproduction.   
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Pecos sunflower was most abundant in U6-2, where groundwater was permanently 
shallow and soil salinities were high in the summer (Table 3.6, Figure 3.10). Yet, its average 
coverage was similar between U6-2 (32.9%) and HM-1 (34.8%), suggesting a tradeoff between 
abundance and growth, i.e. it had higher number of individuals when salinity was high in the 
summer and soils were permanently saturated, but plants were bigger (i.e. greater coverage) 
when soil salinity and moisture were low in the summer. Pecos sunflower occurred within all soil 
types observed: high organics, mucky minerals, and sandy loams, further contributing to it being 
the most widely distributed and abundant of the three rare plants.  
Wright’s marsh thistle was virtually restricted to permanently high soil moisture 
conditions and low soil salinities (Figure 3.11). This species was not present at any site that had 
low soil moistures in the summer and was most abundant in plots that experienced surface flow 
through rising groundwater levels, suggesting that soil moisture might be a more important factor 
than soil salinity for this species, as also suggested by the NMDS ordination (Figure 3.8). 
Similarly, several authors have reported that Wright’s marsh thistle is best adapted to 
permanently saturated soils, based on observations from other regions (Sivinski 2006, 2012, 
Roth 2019b). Furthermore, germination can occur to high percentages (> 75%) at salinity values 
higher than those observed in the spring (Chapter 2). While this species was most abundant 
within high organic soils in Bitter Lake NWR, it has been observed growing over saturated clay 
and silt soils in Santa Rosa, NM (personal obs.), suggesting the potential of occupying different 
areas within the refuge if other abiotic conditions are met (e.g., permanently high soil moisture 
and low salinity).  
For Leoncita false-foxglove, interpreting the results is challenging, as it was very rare. 
Within subplots, we only recorded this species during 2019 and it was not present in any 
subplots in 2020. This species was present and most abundant in U6-4, followed by U6-2 and 
U6-1. These plots are characterized by permanently high soil moisture, low soil salinities in the 
spring, high soil salinities in the summer, and mucky mineral soils. Mucky mineral soil may 
promote the accumulation of salts in the soil surface as interspersed clays and silts have greater 
capillarity than coarser materials (e.g., sands and high organics), particularly with permanently 
shallow groundwater levels. This species was not recorded or observed in plots with low soil 
moisture (and higher mineral soils) or in plots that experienced surface flow through rising 
groundwater levels, i.e. wetter areas. I speculate that high soil salinities allow Leoncita false-
foxglove to be more competitive later in the season, as it was often observed in areas with bare 
soil and coexisting with Pecos sunflower, saltgrass, and alkali muhly. However, these higher 
salinity areas may potentially have negative effects on the plants abundance, as salinities can 
affect species reproductive performance through ion toxicity, nutrient deficiency, osmotic and 
oxidative stress (Shrivastava and Kumar 2015), which may result in mortality later in the 
growing season or in the production of non-viable seeds. It is also suggested that it is a 
hemiparasitic plant like other Agalinis species (Bleakly 2010), which could be another factor 





3.4.3. Other Considerations 
 In the two years of study, variability in soil moisture and salinity were related to wetland 
management practices through seasonal flooding and drawdowns and to groundwater hydrology 
through permanently shallow groundwater levels. However, as is commonly in arid wetlands, 
and specifically in groundwater-driven systems, conditions are dynamic among years depending 
on broader factors like changes in the watershed (e.g., land use) and climate (Jolly et al. 2008). 
These systems are particularly highly sensitive to modifications in the watershed and changes to 
climatic patterns. Groundwater declines are increasingly common within arid and semi-arid 
systems associated with human activities (Ritcher et al. 2017, King et al. 2021), and it is an 
important factor which could significantly change the conditions needed (i.e. abiotic processes) 
to support rare plants and other wetland species. For example, reduced spring flows and the 
declining of groundwater levels may lead to increases in soil salinity due to the lack of flushing 
and leaching events, similarly promoting low soil moisture and consequently affecting vegetation 
communities. In particular, the results of this study suggest that increases in soil salinity during 
the early establishment may have significant impacts to the establishment and abundance of 
these species.  
 3.5. Implications for Moist-Soil Management 
 Moist-soil management has been primarily used to increase food resources (i.e. seeds and 
invertebrates) to meet the energetic demands of migratory waterfowl (Fredrickson and Taylor 
1982, Strader and Stinson 2005). Yet, beyond waterfowl habitat deliverables, moist-soil 
management can be used to emulate abiotic processes that occur under the specific geomorphic, 
hydrologic, and climatic features of the setting, which in turn sustain multi-species habitats and 
broader ecosystem services (Euliss et al. 2008). In our case study, Bitter Lake NWR is 
challenged by the need to protect rare and endangered plants, invertebrates, fish, and migratory 
birds that depend on a complexity of hydrogeomorphic features and processes. Pecos sunflower, 
Wright’s marsh thistle, and Leoncita false-foxglove have responded positively to moist-soil 
management. The three species were progressively recorded for the first time in the refuge 
following the implementation of this technique in 1994 and their abundance has increased since 
then (USFWS 1998, USFWS 2018). This success is founded in the managers’ ability to 
differentiate two key geomorphic features of the landscape within management units: marsh 
habitats associated with perennial springs (i.e. ciénegas) and the historic Pecos River floodplain, 
managed as seasonally flooded areas for birds and other wildlife. With this, moist-soil 
management has been favorably adapted to utilize spring flows to flood lower portions of the 
historic Pecos River floodplain for wildlife habitats while protecting the integrity of ciénega 
habitats for rare species. Within our study sites (e.g., Unit 5 and 6), wetland management 
targeted topographically lower areas of the units, while our plots (i.e. ciénega habitats) were not 
flooded or affected by water manipulations. Thus, hydrology of the springs governed abiotic 
processes at these plots, supporting the presence and abundance of the three rare plants. Pecos 
sunflower has additionally responded positively to current management practices (e.g., Hunter 
Marsh unit), particularly where soils and groundwater depth allow the removal of salts and lower 
soil moisture in the summer. The compatibility of these geomorphic features with moist-soil 
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management has benefited the abundance and distribution of this species while providing habitat 
for other wildlife.  
The greatest challenge within spring-fed arid wetlands is guaranteeing the permanency of 
springs and shallow groundwater tables, as soil moisture and salinity processes that support rare 
plants depend upon this hydrologic regime. With increasing water uncertainty and continuous 
land conversion at a global scale (e.g., Hollis 1990, Ritcher et al. 2017), wetland management 
may be the most viable and water-efficient way to sustain wetland ecosystem processes for rare 
plant species and wildlife. However, it is crucial that management planning and design considers 
the hydrogeomorphic features of the setting at multiple spatial and temporal scales. Our data 
suggests that wetland managers should ask process-based questions regarding the hydrologic 
functions (including source, quality, dynamics, and status) and its interaction with the 
geomorphic setting (including soil characteristics, topography, broader land use) to inform 
management decisions. When this approach is then linked to species life traits, it facilitates an 
understanding of what grows where and when and helps recognize the potential productivity and 
variability of the system. The abiotic processes and conditions described in this study will 
support the recognition of prospective areas for reclamation and restoration for rare plant 
communities, contribute to the long-term management of spring-fed arid wetlands, and 





CHAPTER 4. CONCLUSIONS 
Interactions between groundwater discharge and the geomorphic and climatic features of 
the landscape sustain gradients of abiotic conditions needed to support rare plant communities in 
spring-fed arid wetlands. However, anthropogenic activities, including groundwater withdrawals, 
land modification, and wetland management alter the natural hydrologic functions of these 
ecosystems, and a better understanding of the abiotic processes sustaining edaphic conditions for 
rare plants is needed. Wetland management could be implemented to provide abiotic conditions 
to benefit rare plant communities. To do so, adequate information would need to be known about 
species life traits, abiotic conditions of the wetland, their temporal and spatial variability, and an 
understanding of how specific wetland management practices influence these conditions. 
This study aimed to contribute to an understanding of abiotic conditions needed to 
support the presence and abundance of Pecos sunflower (Helianthus paradoxus), Wright’s marsh 
thistle (Cirsium wrigtii), and Leoncita false-foxglove (Agalinis calycina), three rare plants 
restricted to spring-fed arid wetlands, regionally known as ciénegas, of southwestern United 
States.  
In Chapter 2, I investigated the seed dormancy break, germination percentages and 
responses to field-derived salinity gradients for the three rare plants. I found that the three 
species exhibit non-deep physiological dormancy and a period of cold stratification treatment is 
needed to break dormancy and allow germination. Dormancy break was achieved following 10 
weeks of cold stratification for Pecos sunflower, 8 weeks for Wright’s marsh thistle, and 12 
weeks for Leoncita false-foxglove. While Pecos sunflower and Wright’s marsh thistle 
germinated to high percentages (> 70%) under control conditions (no salinity), the highest 
germination obtained for Leoncita false-foxglove was 46%. The three species responded 
differently to increasing salinities during cold stratification and during incubation. Wright’s 
marsh thistle was not affected by the tested salinities and germinated to high percentages (> 
70%) at all treatments. Pecos sunflower germinated to high percentages (> 70%), however the 
highest salinities tested (7.5 and 10 g/L NaCl) did reduced germination compared to lower 
salinities when seeds were exposed at both, cold stratification and incubation. Leoncita false-
foxglove was not affected by salinities during cold stratification, however increasing salinities 
during incubation had the greatest negative effect on this species. No germination occurred when 
seeds of Leoncita false-foxglove were exposed to 10 g/L NaCl during incubation, while less than 
10% germination was recorded at 7.5 and 5 g/L NaCl.  Despite the tolerance shown by the three 
species after and during exposure to salinity, I conclude that lower salinities enhance the 
germination of the three species.  
In Chapter 3, I evaluated how abiotic conditions influence the presence and abundance of 
the three rare plants within ciénega habitats of Bitter Lake National Wildlife Refuge, New 
Mexico that are subject to moist-soil management. Moist-soil management is a common wetland 
management practice that uses levees and water control structures to manipulate abiotic 
processes to facilitate establishment of desirable plants for waterbirds. This technique influences 
abiotic processes that regulate the spatiotemporal variability of soil moisture and salinity 
conditions, however its interactions with the hydrology of springs is largely unknown. I address 
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three specific research questions: 1) How does soil moisture and salinity vary spatially and 
temporally in managed habitats of Bitter Lake NWR? 2) How does vegetation composition and 
cover relate to variability in soil moisture and salinity? And (3) how does presence and 
abundance of rare plants respond to variability in soil moisture and salinity? I found that wetland 
management practices influenced soil moisture and salinity variability through winter flooding 
and spring drawdown events, promoting the leaching and flushing of salts from the system. Yet, 
these salt removal processes were only possible when the groundwater levels were deep (>1 m 
below soil surface). Near springs, groundwater levels were shallow (<50 cm), supporting 
permanently saturated soil conditions. In these areas, soil salinity was lowest in the spring and 
higher in the summer, likely due to the wicking of brackish shallow groundwater and higher 
evaporative conditions in the summer. Salinity processes (leaching, flushing, and/or wicking of 
saline groundwater) were dependent on the edaphic features of Bitter Lake NWR, particularly on 
soil capillarity. Together, these processes created gradients of soil moisture and salinity 
conditions that influenced vegetation composition and particularly affected the presence and 
abundance of the three rare plants. Pecos sunflower was the most abundant and widespread of 
the three. It was most abundant where groundwater was permanently shallow and soil salinities 
were high in the summer, but scarce or absent when soil moisture was high and salinities were 
low. This species also responded positively to moist-soil management, particularly when soil 
moisture and salinity was lower in the summer. Wright’s marsh thistle and Leoncita false-
foxglove were restricted to permanently saturated soils associated with shallow groundwater. 
Wright’s marsh thistle occurred in wetter and lower salinity areas and Leoncita false-foxglove 
was most abundant in higher salinities, particularly in the summer. Importantly, the three species 
only occurred in areas that had low soil salinity and high soil moisture in the spring season, 
consistent with the germination requirements observed in Chapter 1. Additionally, my results 
highlight the importance of protecting spring flows and associated shallow groundwater levels, 
as observed soil moisture and salinity processes needed to support the three rare plants were 
highly dependent on these conditions.  
Overall, this study suggest that the early establishment stage of the three rare plants may 
be key for their presence and abundance. Germination of the three species are enhanced at lower 
salinities, and salinity removal processes influenced by moist-soil management and/or 
groundwater hydrology during the early spring are needed to support these low salinity 
conditions. The information here generated will contribute to wetland management decisions and 
restoration planning to support the populations of the three rare wetland plants and provide 






APPENDIX A. GENERALIZED SITE SOIL DESCRIPTIONS 
Field Notes for Bitter Lake NWR, 6/24-6/25 
Report by Logan Peterson, NRCS 
 
Pit 1. Unit 5. Near Well 3 
Plants of interest: Cirsium wrightii, Phragmites, Eleocharis, Arrowgrass (Triglochun maritima) 
Water table approx. 15 cm. 
Hydrogen sulfide odor in upper foot. Salt crust at surface. 
This is the only pit where I was certain we’d encountered truly organic materials (> 20% organic 
carbon within the unconsolidated material—which excludes fresh plant structures). Many of the 
materials I call “mucky” below could very well classify as “organic” after a muffle furnace 
analysis. 
Table A.1. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix color** Other 
0-8 Ay gypsiferous loam 
25/30*** 
10YR 4/1 2% gyp 
crystals 
8-29 2Oeb hemic* organic matter  10YR 2/1  
29+ 2Oib fibric* organic matter deep reddish brown colors  
*Sapric material (Oa) is highly decomposed; hemic material (Oe) moderately decomposed; fibric 
material (Oi) slightly decomposed. Analogues are muck, mucky peat, and peat; respectively. 
**All colors here and below are moist colors. ***Format is clay/sand. Note that these are 
estimated percentages of the mineral fraction. 
Hydric Soil Indicators: A4, A1, A2. 
Discussion:  
Antonio and I considered the hypothesis that a thin layer of mineral material atop organic (or 
mucky mineral) material might directly select for C. wrightii. Alternative hypothesis is that the 
lack of such a surface layer selects for threesquare and, given a dense enough canopy, C. wrightii 
does not receive adequate sunlight. 
Hydrogen sulfide gas in the upper foot is a clear indicator of a hydric soil. Since sulfate is a poor 
choice for a final electron acceptor in anaerobic respiration, HS gas indicates that better receptors 
(NO3
-, Fe3+, Mn) have already been reduced. Reduction/depletion of iron will occur much more 
rapidly in soils with gypsum-dominated mineral fractions than in the red sediments of the Pecos 
River. There is certainly no shortage of sulfate here. 
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The A horizon here may or may not be a depleted matrix (indicating prolonged saturation). Our 
indicators require iron concentrations for materials of this color…but there may just not be any 
iron in the system. See depleted matrix on the glossary of the Indicators.  
Pit 2. Unit 5. Between Wells 1 and 2 
 
Figure A.1. Pit 2. 
Plants of interest: Schoenoplectus americanus dominant. Scattered C. wrightii, diminishing in 
numbers. 
Hydrogen sulfide odor in upper foot. 
Hydric Soil Indicators: A4, F1, A1.  




0-8 A1 mucky gypsiferous loam 
8-30+ A2 hemic gypsiferous loam  
 
Discussion:  
Large “cracks” appear to be forming between plants. Soil has remained submerged and has not 




Thistle germinated in patches, but many of the juveniles have disappeared. One individual 
observed was quite yellow. Lack of shade tolerance proposed as a cause of poor survival rate. 
Pit 3. Unit 5. Between Wells 1 and 2 
 
Figure A.2. Pit 3. 
 
 





Figure A.4. Pit 3. Contrast between the micro-depression containing foxglove and surrounding 
vegetation. 
Plants of interest: Foxglove, sea-lavender, Distichlis spicata  
Hydrogen sulfide odor in upper foot. 
Hydric Soil Indicators: F3.  
Table A.3. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix color Other 
0-8 A gypsiferous fine 
sandy loam  
10YR 6/2 no redox or secondary* gypsum 
crystals 
8-11 Ay gypsiferous sandy 
clay loam 29/60 
10YR 4/1 5% prominent iron concentrations,  
15% secondary gypsum crystals 
11-44 By gypsiferous loamy 
sand 5/90 
10YR 6/3 15% prominent iron 
concentrations, 10% snails 
44-62 Bg1 gypsiferous sandy 
loam 10/80 
5Y 6/2 10% prominent iron 
concentrations, highly thixotropic. 
Depleted matrix. 
66+ Bg2 gypsiferous sandy 
clay loam 10/80 
10Y 5/N Depleted matrix.  
*pedogenic crystals formed by precipitation in soil profile  
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Discussion: Question of why plant cover/vigor is so low here. Did low plant cover allow 
foxglove to colonize, or did root parasitism by foxglove suppress its neighbors? Logan noted that 
this resembles a recent elk/bison wallow on the NE plateaus. 
Pit 4. Unit 6. Well 1  
 
Figure A.5. Pit 4. 
Plants of interest: Distichlis spicata, C. wrightii 
Hydrogen sulfide odor in upper foot. 
Hydric Soil Indicators: A4, F1  
Table A.4. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix color 
0-12 A mucky, gypsiferous fine sandy loam  10YR 2/1 




Pit 5. Unit 6. Well 2  
 
Figure A.6. Pit 5. 
Plants of interest: S. americanus, C. wrightii (happier here than at Pit 5) 
Hydrogen sulfide odor in upper foot. 
Hydric Soil Indicators: A4, A7, F1.  
Table A.5. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix color 
0-12 A mucky, gypsiferous fine sandy loam  10YR 2/1 











Pit 6. Unit 6. Near Well 3  
Plants of interest: foxglove, C. wrightii, D. spicata 
Hydrogen sulfide odor in upper foot. 
Hydric Soil Indicators: A4, F1. 
Table A.6. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix color 
0-10 A mucky, gypsiferous loam 15/40 10YR 2/1 
10-25+ Ay hemic, gypsiferous fine sandy loam 10YR 2/2 
 
Discussion:  
Question of why plant communities differ between pits 5, 6, and 7. Soils do not answer the 
question. Hydrology/salinity dynamics suspected. 
Pit 7. Bare ground (gypsum flats) in Unit 6  
 
Figure A.7. Pit 7. 
Plants of interest: none…which is interesting 






Table A.7. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix 
color 
Other 
0-3 A gypsiferous sandy 
loam 9/80 
2.5Y 6/2 1% prominent redox 
concentrations 




10% prominent iron 
concentrations,  
highly stratified, including a thin 
band of organic materials (buried 
O horizon) 
8-25 2Bg gypsiferous sandy 
loam 15/70 
2.5Y 5/2 No iron concentrations  
 
Discussion: 
If reducing conditions do occur in upper profile, general lack of iron may be the only thing 
preventing iron concentrations in 2Bg. Lack of organic matter may be preventing reducing 
conditions in most of profile. 
 Pit 8. Vegetated area near Pit 7 in Unit 6. Slightly higher elevation than P7. 
 
Figure A.8. Pit 8. 
Plants of interest: D. spicata 
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Hydric Soil Indicators: F1, A1. 
Table A.8. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix 
color 
Other 
0-11 A gypsiferous loam 
12/35 
2.5Y 5/3 2% prominent redox 
concentrations 
slight effervescence 
11-25 2Ab mucky gypsiferous 
loam 13/40 
2.5Y 2/1 5% gypsum crystals 
very slight effervescence 
25 2Bg gypsiferous sandy 
loam 12/70 
2.5Y 5/2 No iron concentrations  
strong effervescence 
 
Discussion of how high organic matter is buffering pH, eliminating carbonates. Note pattern in 
effervescence (HCl reaction). Organic matter provides much higher available water capacity in 
Pit 8 than in Pit 7. 
Pit 9. Hunter Marsh 
 
Figure A.9. Pit 9. 
Plants of interest: D. spicata, alkali weed, C. wrightii on micro-highs. 
Hydric Soil Indicators: F3.  
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Table A.9. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix 
color 
Other 
0-10 A sandy loam 10/70 10YR 5/2 no iron concentrations 
10-14 Bg1 silty clay loam 37/5 10YR 5/1 2% distinct iron concentrations 
14-24 By1 loam 23/45 5YR 4/3 1% distinct iron concentrations 
2% gypsum crystals 
24-100 By2 clay 55/5 5YR 4/4 thin black lenses starting at 70 cm 
100-120+ Bg2 clay 55/5 10YR 3/1 10% iron depletions (10YR 5/1) 
6% prominent iron concentrations 
 
Discussion: 
Higher clay causes Bg to act as an aquitard, creating a perched water table during irrigation. 
Matrix not depleted between 14 and 100 cm. Red matrix colors in the non-depleted layers 
suggest that the Pecos River is the primary source of parent materials. For most of its course 
upstream, Pecos cuts through red Mesozoic sedimentary rocks. Many of the same formations are 
















Pit 10. Hunter Marsh 
 
Figure A.10. Pit 10. 
Hydric Soil Indicators: none 
Table A.10. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix 
color 
Other 
0-2 A sandy loam  10YR 5/2  
2-5 Ag clay loam  10YR 5/1  
5-18 BA sandy loam  5YR 6/3  
18-23 Bg silty clay loam 10YR 5/1 iron concentrations, iron depletions 
23+ C clay 55/5 5YR 6/4 distinct iron concentrations 
  
Discussion: 
As in P9, Ag and Bg here perch water table. Neither are thick enough for the F3 Indicator. 
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Pit 11. Near oxbow lake 
Plants of interest: C. wrightii, D. spicata 
Hydric Soil Indicators: none 
Table A.11. Soil profile. 
Depth 
(cm) 
Desig. Texture Matrix 
color 
Other 
0-10 A clay 60/3 2.5 YR 4/4  
10-17 C1 sandy loam 16/75    
17-50 C2 sandy clay loam 
30/60  
varied stratified materials, 3% faint iron 
concentrations 
50-85 C3 clay  2% faint iron depletions  
3% faint iron concentrations 
85+ Cg loamy sand 4/92 7.5YR 5/2 5% distinct iron concentrations 
 
Discussion: 
Cg allows for lateral movement of water. Based on observations at pits 9-11, it appears that C. 




APPENDIX B. SEED YIELD ESTIMATIONS 
Background 
Since the mid-1990s, the spring-fed wetlands of Bitter Lake NWR have been managed as 
moist-soil units, where water levels are manipulated to promote the production of plants and 
invertebrates as primordial food for migratory birds and habitat for other wetland dependent 
wildlife (Fredrickson and Taylor 1982). A better understanding of wetland productivity would 
support the evaluation and establishment of annual management objectives to reach habitat goals 
for wildlife (Laubhan and Fredrickson 1992). 
An estimation of moist-soil seed yield provides valuable information on habitat 
availability for migratory birds and thus supports wetland management decisions (Laubhan 1992, 
Gray et al. 1999a). This information will also help to evaluate management and restoration 
efforts for the conservation of other important wetland species, such as endemic and endangered 
species, including the federally Threatened Pecos sunflower (Helianthus paradoxus).  
The objective of this study is to develop and implement a protocol for estimating 
aboveground seed production and biomass of the most common and important moist-soil plants 
for migratory birds and determine the foraging values of managed impoundments. 
Methods 
The study area included the wetland management units in the middle tract of Bitter Lake 
National Wildlife Refuge. Following a stratified random sampling design (Lohr 1999), a 
minimum of 5 1-m2 sampling plots were established for each target vegetation community within 
each wetland unit. Target areas includes vegetation communities composed of desired plants that 
represent potential food values and foraging habitat for migratory birds, whereas areas of 
undesired vegetation (e.g. common reed and cattail communities) and/or bare ground were 
excluded (Figure B.1).  
 
Figure B.1. Representation of the stratified random sampling design. 
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Target plant species 
Based on their abundance within impoundments (Donnelly 2008), their 
acknowledgement as food for migratory birds in other areas (e.g. Dugger et al. 2007, Collins et 
al. 2017), and their potential as food value to waterbirds, this study focused on the following 
plants: 
1. Pickleweed (Salicornia bigelovii) 
2. Salt-marsh bulrush (Bolboschoenus maritimus) 
3. Pecos sunflower (Helianthus paradoxus) 
Plant densities 
At each 1m2 plot, we measured density (number of individuals) and counted the number 
of inflorescences/seed heads per plant (if applicable), for each of the target species. From plant 
density (number of individuals/m2) data, we calculated/extrapolated biomass/seed production per 
species per hectare (e.g. Collins et al. 2017). 
Pickleweed biomass 
For pickleweed, the number of plants in each plot were counted and the percent coverage 
was visually estimated. A total of 25% of the individuals present at each plot were collected by 
clipping the specimen from the base and storing in dry bags. In the lab, pickleweed was oven-
dried at 60°C for 48 hours and weight to the nearest 0.1 g and dry biomass/m2 (mean ± SE) was 
calculated. One-way ANOVA was performed to determine differences in the means and variance 
of pickleweed biomass among management units. If a significant difference was found (α = 0.05) 
a post-hoc Fisher’s least significance difference (LSD) test was conducted to determine which 
units differ among each other.  
Seed yield estimation – dot grid technique 
Following the methods implemented by Gray et al. (1999b), all inflorescences of one 
randomly selected individual plant of each species within each sampling quadrat were clipped 
and stored in brown paper bags. Each paper bag was labelled with the unit name, plot number, 
and species. All seed heads were transported to the lab and placed in a plant press for >7 days at 
room temperature. Then, inflorescences were placed on a dot grid (density of 9 dots/cm2) and all 
dots completely and partially obscured by seeds were counted and summed per seed head and 
per plant (Gray et al. 1999b, 2009).  
After all inflorescences were counted, all seeds per plant were placed in a tray, threshed, 
and weighed to the nearest 0.1g for a total wet mass. The plants were then oven dried at 60°C for 
48 hours and reweighed to the nearest 0.1g to obtain a total dry mass per plant (Collins et al. 
2017).  
Simple linear regression was used to develop species-specific models following Gray et 
al. (1999a, 1999b, 2009), and Anderson (2006). The total dry seed mass (g) per plant (dependent 
variable) was regressed against the area (cm2) of the total number of dots counted to predict seed 
production per plant. Assumptions of residual normality and homoscedasticity were tested using 
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the Shapiro-Wilk test and residuals were plotted against predicted values of seed mass (Myers 
1990, Gray et al. 1999a).Non-normally distributed residuals reduce the precision and predictivity 
of the model, thus outlying residuals were removed until they followed a normal distribution 
(Myers 1990, Gray et al. 1999a). 
Results for seed yield (g dry weight) per plant from simple linear regression were then 
calculated for the plot area (g/plant x number of plants/m2 = g/m2), converted to kg/hectare, and 
extrapolated to the known area of that vegetative community within each unit (Collins et al. 
2017). For Pecos sunflower, one-way ANOVA was then used to determine significant 
differences in seed production (kg/ha) between sampled management units. 
Alkali Bulrush Duck-Energy-Days (DEDs) 
We estimated the waterfowl carrying capacity of unit 15, which is dominated by alkali 
bulrush, using the information on vegetation distribution from Donnelly (2008). Carrying 
capacity is expressed as Duck-Energy Days (DED) and it is determined based on food 
production (kilograms per hectare), true metabolized energy (TME; kilocalories per kilogram), 
and daily energy requirements (kilocalories per day) depending on the target species and the 
available food resources (Anderson 2006). DED is calculated by the formula: 













We used the energy requirements (kcal/day) of a Mallard (Anas platyrhynchos) as a 
standard (Anderson 2006), and the true metabolized energy of alkali bulrush was taken from 
Dugger et al. (2007). 
Results 
Pickleweed (Salicornia bigelovii) 
We determined that unit 5 contains the greatest biomass of pickleweed with an average 
biomass of 238 ± 30.3 g/m2, followed by unit 6 (109.2 ± 44.2 g/m2), and Hunter Marsh (16.3 ± 
5.2 g/m2). Mean pickleweed biomass differed among units (P < 0.001), with unit 5 having 
greater biomass than that of unit 6 and Hunter Marsh (P < 0.001); pickleweed biomass did not 




Figure B.2. Results of pickleweed biomass by unit. Boxplots labeled with matching letters do not 
differ (Fisher’s LSD test, P > 0.05). Horizontal line in the box indicates the median, top and 
bottom lines of the box indicate the upper and lower interquartile range, whiskers indicate the 
max and min values, and dark points are outliers. 
We are unaware of information regarding the true metabolized energy (kcal/kg) for 
Pickleweed or any other similar Salicornia species, thus it is not possible to estimate duck energy 
days (DEDs). 
Alkali Bulrush (Bolboschoenus maritimus) 
For alkali bulrush, the simple linear regression showed that seed head size explains 97% 
of the variation in seed production (F = 113.3, 1, 3 df; P < 0.001; R2 = 0.97); Table B.1, Figure 
B.3). 
Alkali bulrush had a density of 239.8 ± 36.8 plants/ m2 and a seed biomass of 137.6 ± 
21.1 g/m2 (dry weight), which is extrapolated to 1375.9 kg/ha of alkali bulrush seed production. 
Donnelly (2008) determined a total of 160.9 hectares of alkali bulrush in Bitter Lake NWR 
during their study, in which unit 15 had 65.1 hectares. Following this information, unit 15 
produces an estimated seed biomass of 89,596.9 kg of alkali bulrush seeds (dry weight).  
According to Dugger et al. (2007), alkali bulrush has a true metabolized energy of 650 
kcal/kg and according to Anderson and Smith (1999) a Mallard has an average energy 
requirement of 292 kcal/day. Thus, the waterfowl carrying capacity of alkali bulrush in unit 15 





Table B.1. Regression equation and statistics for estimating seed yield of alkali bulrush. 
Species n Regression Equation F R2 P 
Alkali Bulrush 5 Y = -0.234 + (0.153 x AREA) 113.3 0.97 <0.001 
 
 
Figure B.3. Scatterplot and regression line for alkali bulrush dry mass (g) and area covered by 
seed head (dot grid method). Shaded area indicates the 95% confidence interval. Dashed lines 
indicate 95% of prediction, i.e. if this test was repeated 100 times, 95% of the times would be 
located within this region. 
Pecos sunflower (Helianthus paradoxus) 
The simple linear regression showed that seed head size explains 53% of the variation in 
seed production (F = 20.7, 1, 18 df; P < 0.001; R2 = 0.53; Table B.2, Figure B.4). 
Pecos sunflower had a density of 94.4 ± 12.9 plants/m2 in Unit 6, an average seed yield of 
0.5 ± 0.1g per plant (dry weight), an estimated seed yield of 44.1 ± 13.6 g/m2 (dry weight), and 
produced an estimated 441.4 kg/ha of seeds. In Hunter Marsh, Pecos sunflower had a density of 
69.2 ± 12.8 plants/m2, an average seed yield of 0.5 ± 0.1g per plant (dry weight), an estimated 
seed yield of 29.8 ± 3.4 g/m2, and produced an estimated 298.3 ± 34.6 kg/ha of seeds. 
Altogether, the average seed yield of Pecos sunflower is 0.5 ± 0.1 g/plant, 36.9 ± 7 g/m2, and 
369.8 ± 70.5 kg/ha.  
According to the last Pecos Sunflower Technical Memorandum (2018), there are an 
estimated 41 hectares of Pecos sunflower in the refuge. Following this estimation, the 
extrapolated seed production is estimated at 15,161.8 kg for the whole refuge. However, because 
of the lack of flooding in some areas, Pecos sunflower seeds are likely not accessible to 
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waterfowl throughout its area of distribution, thus these estimates may overestimated foraging 
value for waterfowl. Yet, the regression equation provided (Table B.2) could be used to estimate 
seed yield for accessible areas (ha).  
Table B.2. Regression equation and statistics for estimating seed yield of Pecos sunflower. 
Species N Regression Equation F R2 P 
Pecos sunflower 20 Y = 0.211 + (0.019 x AREA) 17.72 0.53 <0.001 
 
 
Figure B.4. Scatterplot and regression line for Pecos sunflower dry mass (g) and area covered by 
seed head (dot grid method). Shaded area indicates the 95% confidence interval. Dashed lines 
indicate 95% of prediction, i.e. if this test was repeated 100 times, 95% of the times would be 
located within this region. 
 There is no information regarding the true metabolized energy (kcal/kg) of Pecos 
sunflower or any other species of sunflower for waterfowl, thus it is not possible to estimate 
duck energy days (DEDs). DED data is needed to further infer on the foraging value of Pecos 
sunflower seeds to migratory waterfowl. As a note, migratory songbirds are widely observed to 




Figure B.5. Juvenile sparrow foraging on Pecos sunflower seeds, Bitter Lake NWR. 
 Despite Pecos sunflower having a higher density (plants/m2) in unit 6 compared to 
Hunter Marsh (Figure B.6), plants from Hunter Marsh generally produced more seed heads per 
plant than unit 6 plants (Figure B.7). Regardless, the total estimated seed yield (kg/ha) did not 
differ between both units (P = 0.32), but higher variance was observed in Unit 6 (Figure B.8). 
 
Figure B.6. Boxplots of Pecos sunflower density (plants/m2) at Bitter Lake National Wildlife 
Refuge. Horizontal line in the box indicates the median, top and bottom lines of the box indicate 
the upper and lower interquartile range, whiskers indicate the max and min values, and dark 




Figure B.7. Boxplots of Pecos sunflower seedheads per plant within Bitter Lake National 
Wildlife Refuge. Horizontal line in the box indicates the median, top and bottom lines of the box 
indicate the upper and lower interquartile range, whiskers indicate the max and min values, and 
dark points are outliers. 
 
Figure B.8. Boxplots of Pecos sunflower seed production (kg/ha dry mass) per management unit 
at Bitter Lake National Wildlife Refuge. Horizontal line in the box indicates the median, top and 
bottom lines of the box indicate the upper and lower interquartile range, whiskers indicate the 




Our results indicate that Unit 5 contains the highest pickleweed biomass per m2, 
suggesting that this unit provides the greatest pickleweed foraging value for migratory birds in 
comparison to the other two management units. The Tukey Test confirmed that Unit 5 is 
statistically different from the other two sites, showing higher biomass (g/m2). Pickleweed 
distribution likely changes through time, thus, these estimates could be improved by updating 
these analyses with annual pickleweed distribution estimates derived each summer.  
The seed yield prediction model following the dot grid method (Gray et al. 1999) was an 
effective way to estimate seed production of alkali bulrush, as the area of dots covered by the 
seed head explained 97% of the variance in total seed production (dry mass). With an estimated 
89,596.9 kg in 65.1 hectares within Unit 15, alkali bulrush represents an important waterfowl 
food resource and it is recommended that its abundance and distribution be monitored. 
For Pecos sunflower, the dot grid method only explained 53% of the variance in seed 
production. It is possible that many seed heads had already dropped seeds at the time of 
collection, as it is observed in the field that this species does not mature, bloom, and die out at 
the same time throughout the refuge. Generally, Pecos sunflower in the southern portion of the 
refuge bloom and produce seeds before individuals in the middle and northern parts of the 
refuge. Monitoring of individual plants for seed maturation and seed collection immediately after 
maturation would improve seed yield estimates for this species. Nonetheless, Pecos sunflower 
also demonstrated wide variance in the number of seed heads per plants produced (Figure B.7), 
ranging from 2 to 26 seed heads/plant, thus not all variability in seed production is related to 
collection methods. 
Despite having a low seed production at the individual level (0.50 ± 0.1 g/plant dry weight), 
Pecos sunflower usually forms dense patches (e.g. Figure B.6). Thus, this species has a high seed 
yield per m2 and is comparable to other reported moist-soil plants of high value to waterfowl, 
such as Chufa flatsedge (Cyperus esculent), rice flatsedge (C. iria), and fall panicum (Panicum 
dichotomiflorum; Laubhan and Fredrickson 1992). Future research that determines the true 
metabolizable energy of Pecos sunflower seeds for waterfowl would allow determination of 
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